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THE EFFECT OP PRESSURES BELOW ONE ATMOSPHERE 
ON THE PERFORMANCE OF A PACKED COLUMN 
CHAPTER I 
INTRODUCTION 
The use of operating pressures below atmospheric in 
fractional distillation has assumed increasing importance 
in recent years. Some mixtures which under ordinary at-
mospheric distillation are separated with difficulty may in 
many cases be separated with ease when distilled at reduced 
pressures. Mixtures which decompose under atmospheric dis-
tillation may be separated safely when vacuum is employed, 
due to the resulting lower operating temperatures. 
Many studies have been made in an effort to corre-
late the effect of various operating variables with the 
performance of packed fractionating columns—mostly at at-
mospheric pressure. Operating variables such as vapor vel-
ocity, packing material, over-all system composition, col-
umn diameter and height, and vapor-liquid ratio have been 
studied extensively, 
The purpose of this investigation was to study column 
pressure (atmospheric and below) as an operating variable, 
and to correlate this pressure with column efficiency. 
The general opinion of workers in the field of 
fractional distillation has been that a reduction in 
2 
operating pressure would result in a reduction in column 
efficiency, A paragraph taken from a paper presented be-
fore the Petroleum Division of the American Chemical 
Society in September 1944 reflects this belief: 
Even more important, perhaps, is the reduc-
tion of the interphase transfer of material in 
the spontaneous approach toward equilibrium that 
occurs at low pressures. The simple mass action 
law applies to the kinetics of this process. Hence, 
the rate of transfer is proportional to the densi-
ties of the two phases, other things being equal* 
The density of the vapor, in turn, is inversely 
proportional to the pressure, and this factor may 
be reduced a thousandfold or more in passing from 
atmospheric pressure to high vacuum conditions, 
reducing the efficiency of a column in the same 
way. Thus a fifty-plate column would realize only 
half a plate at 7.6 millimeters of Mercury if it 
could be used at all* 
2 In a more recent publication , these same authors 
reported further study in the field of low-pressure dis-
tillation. In an attempt to improve separation efficiency 
at very low pressures, they designed a column which oper-
ated by "thermal" rectification; that is, rectification in 
which interphase transfer arises from the addition of heat 
to the reflux, or abstraction of heat from the vapor, or 
both, causing partial vaporization, partial condensation, 
or both, respectively. Their column consisted of two 
Byron, E,S., Bowman, J.R., and Coull, J., Proceed-
ings of the Petroleum Division of the American Chemical 
Society, September, 1944, 
2 
Byron, E,S., Bowman, J,R., and Coull, J., Indus-
trial and Engineering Chemistry, 43, 1002 (1951). 
3 
concentric tubes, the outer being heated, and the inner 
being cooled and rotated on its axis. Vapor rose in the 
annular space, and reflux flowed as a falling film on the 
inner surface of the outer tube. Partial vaporization of 
the reflux took place over the entire surface of the film, 
with partial condensation of the vapor stream occurring on 
the inner tube, and the condensate was thrown outward cen-
trifugally as a spray to join the reflux stream, 
These workers advocated the use of such a column for 
very low pressure work, due to the low efficiency to be ex-
pected in the usual "contact" rectification process, in 
which the interphase transfer arises from the spontaneous 
approach to equilibrium between the phases. They showed 
that theoretically the effect of pressure on column effi-
ciency in the usual "contact" column is actually the sum of 
three effects—transverse diffusion, longitudinal diffusion, 
and the absolute vaporization rate—of which the transverse 
diffusion is favorable to decreased pressures, and the other 
effects are unfavorable. The overall result showed quali-
tatively that the efficiency decreased with the pressure* 
However, workers in vacuum distillation have reported 
efficiencies in their work which compare favorably with work 
at atmospheric pressure. 
Skoble and Driatskaya reported increased efficiency 
°Skoble, A.I., and Driatskaya, Z.V., Neftyanoe Knoz», 
24, No. 5, 39 (1946). 
4 
In the separation of certain hydrocarbons due to reduced 
operating pressures. 
Nandi and Jalota , testing a 2.25 inch column packed 
to a height of 43 inches with copper lessig rings, reported 
efficiency at 250 millimeters of Mercury to be slightly be-
low that obtained at atmospheric for low vapor velocities, 
but approaching the efficiency at atmospheric as vapor vel-
ocity was increased. 
Smoker , In testing a rather unique multi-tubular 
packed column, found little difference in efficiency be-
tween runs at 760 and 200 millimeters of Mercury. He found 
a maximum efficiency for the atmospheric tests of 51 theo-
retical plates, while for the tests at 200 millimeters the 
maximum efficiency was 46 theoretical plates. 
g 
Schofield tested a special rectangular packed tower 
2.5 by 15 inches, at 760 and 180 millimeters of Mercury. 
The range of efficiencies was the same for both pressures, 
although, as should be expected, the ranges of through-
puts for the two pressures were different . Expressed as 
"H.E.T.P." (Height Equivilant to a Theoretical Plate), his 
^Nandi, S.K. and Jalota, P.L., Transactions, Indian 
Institute of Chemical Engineers, 1, 57 (1947-48). 
Smoker, E.H., Transactions, American Institute of 
Chemical Engineers, 40, 10 5 (1944). 
c 
Schofield, R.C., Chemical Engineering Progress. 46 
405 (1950) . 
5 
range of eff iciency was from 1,00 to 2.22 a t 180 mi l l imete rs , 
and 0.96 to 2.54 a t 760 mi l l imeters . 
Feldman, Myles, Wender, and Orchin reported t e s t s 
at pressures of 760, 150, 100, and 50 mil l imeters of Mer-
cury. Although the range of t e s t s a t 760 mill imeters was 
much wider than for the vacuum runs, the number of theore t -
i ca l p la tes for these lower pressures was within the range 
covered by the atmospheric t e s t s . 
The f i r s t published paper which attempted a co r re l a -
t ion of operating pressure with column efficiency—published 
while th is inves t iga t ion was in progress—was by Berg and 
Popovac . These inves t iga tors used a 1 inch column, 2 feet 
high, packed with one-eighth inch s t a i n l e s s s t e e l h e l i c e s , 
and the t e s t mixture, n-octane-toluene. For ra tes of 
through-put jus t short of flooding a t each of eight p re s -
sures—20, 50, 100, 200, 300, 400, 640, and 760 mil l imeters 
of Mercury—these workers found that the efficiency of 
t h e i r column was e s sen t i a l l y constant . A v a r i a t i o n of 11 
to 14 t h e o r e t i c a l p la tes for the various pressures was ob-
ta ined . 
Feldman, J . , Myles, M., Wender, I . , and Orchin, M., 
I n d u s t r i a l and Engineering Chemistry, 41 , 1032 (1949). 
Q 
Berg, L. and Popovac, D.O., Chemical Engineering 
Progress, 45, 683 (1949). 
Struck and Kinney , in a paper published shor t ly 
a f t e r tha t of Berg and popovac, reported data on four dif-
ferent packings, a t pressures of 10, 20, 50, 100, and 740 
mil l imeters of Mercury. Tests at 740 mill imeters were 
made with the t e s t mixture n-heptane-methylcyclohexane, 
whereas the vacuum t e s t s were made with n-dodecane-cyclo-
hexylcyclopentane. These inves t iga tors also attempted a 
cor re la t ion of operating pressure with column ef f ic iency . 
Their r e s u l t s showed tbat a t a constant boil-up ra te a t 
a l l the pressures s tudied, the efficiency of a given pack-
ing was e s s e n t i a l l y independent of operating pressure . On 
the basis of these r e s u l t s , Struck and Kinney claim agree-
ment with Berg and Popovac. I t should be observed, however, 
that the claim to agreement is not v a l i d . The boil-up r a t e 
just shor t of flooding, as used by Berg and Popovac, was by 
no means constant , but decreased appreciably as operating 
pressures were lowered, on the other hand, data published 
by Struck and Kinney indicate tha t extrapolat ion of t h e i r 
r e s u l t s to bo i l -up r a t e s just short of flooding for each of 
the pressures studied would r e s u l t in a considerably im-
proved eff ic iency a t the lower pressures . 
More r ecen t ly , Myles, Feldman, Wender, and Orchin 
^Struck, R.T. and Kinney, C.R., I n d u s t r i a l and 
Engineering Chemistry, 42, 77 (1950) • 
Myles, M., Peldman, J . , Wender, I . , and Orchin, M., 
I n d u s t r i a l and Engineering Chemistry, 45, 1452 (1951). 
f column 
using ber l saddles, t r i p l e and s ing l e - tu rn h e l i c e s , glass 
spheres, and a commercial he l i -g r id packing. Their study 
was concerned with e f f ic ienc ies at pressures of 20, 50, 
100, 150, and 740 mil l imeters of Mercury. Their co r re l a -
t ion was based on the average of the highest and lowest 
through-put possible at each pressure . Their r e s u l t s i nd i -
cate a maximum eff iciency for each packing studied in the 
neighborhood of 200 mill imeters of Mercury with the e f f i -
ciencies a t 20 mil l imeters of Mercury e s sen t i a l l y the same 
as those at 740 mil l imeters of Mercury. However, the 
authors admit that incomplete data prevents t he i r r e su l t s 
from being conclusive. 
Thus, a survey of the published l i t e r a t u r e shows a 
considerable disagreement as to the effect of operating 
pressures on column eff ic iency. 
CHAPTER II 
DISTILLATION AND DIFFUSION THEORY 
Literature Survey 
The basic principle underlying the ability of a 
distillation column to separate partially a mixture of two 
miscible liquids is the fact that the vapor evolved from 
such a mixture is in general of different composition from 
that of the liquid. When such a mixture is partially vol-
atilized, the vapor evolved is richer in the more volatile 
component, and the remaining liquid is correspondingly 
poorer. If this vapor in turn is partially condensed, the 
condensate is necessarily richer than the liquid originally 
volatilized, unless azeotropes or other anomalies are en-
countered. If vapor rising from the original mixture comes 
in contact with this condensate, an interaction takes place, 
resulting in partial condensation of this vapor, with evo-
lution of a new vapor richer in the more volatile component. 
In a packed rectification column maintained at the boiling 
point of the liquid in the column, this partial vaporiza-
tion and condensation takes place continuously up the column, 
with the packing providing the surface for the condensation 
and vaporization. 
A study of the enrichment which takes place in a 
column therefore involves a study of mass transfer between 
the two phases, vapor and liquid. When material is trans-
9 
ferred from one of these phases to the other across the 
interface separating the two, the resistance to the transfer 
in each phase causes a concentration gradient in each, with 
the two phases assumed to be in equilibrium at the inter-
face between phases. 
The "film" concept, first proposed by Whitman , is 
useful in attempting to analyze material transfer between 
phases. According to this theory, the region where most 
of the variation in concentration occurs in each phase is 
assumed to occupy only a small, comparatively negligible 
volume adjacent to the interface, this small volume being 
called a film. Further, the main resistance to transfer 
is assumed to be due to diffusion through the two films. 
The fundamental equations for diffusion of gases 
were first derived by James Clerk Maxwell2, and the deri-
vation of equations of particular interest in rectification 
is listed below. 
The basic equation for the unidirectional diffusion 
of a gas through a distance dx is given by 
¥ • -^-MW (i) 
^Whitman, W.G-., Chemical and Metallurgical Engineer-
ing, 24, 147 (1923). 
2Maxwell, J.C.: "Scientific papers," Vol. 2, Cam-
bridge University Press, Cambridge, England, 1890, p. 57. 
'̂ See page vii for meaning of symbols in this and 
following equations. 
10 
Since the rate of increase of the substance diffusing be-
tween the distances x and x 4- dx is equal to the rate of 
flow in and out of the two faces, it follows that 
dp = - d £ . (2) 
<?t dx 
T h e r e f o r e , i n t e g r a t i o n of (1) u n d e r s t e a d y s t a t e c o n d i t i o n s 
y i e l d s 
4f (3) - D 
Consider two components, 1 and 2, diffusing in opposite 
directions. Since q =Pu, 
Pl-X - - ^ •»- frl = - ^ (4) 
Then, since P s p/RT, for component 1, 
PI"! = 
RT 
= - Dviy£i\= - StfEi . (5) 
dx\RTj RT dx 
Under the condition that the total pressure of the system 
remains fixed, PiU]_ -f-PgUg = 0, from which, by elementary 
algebra, 
21 = - 22 . / U 1 \ / P 1 £ P2 \ « u l - u 2 
P2 Pi VP2J\Pl + P2y p 
(6) 
and 
P l u l = - P2U2 - P l P 2 < u l " u 2 > - (7) 
11 
Combining and r e a r r a n g i n g e q u a t i o n s (5) a n d ( 7 ) , 
ctP! _ P!Pg 
dx" - D ^ " ( u l ~ u 2 > ' ( 8 ) 
and since u = ojp a qRT/p, it follows that q/^ =
£ £ i = - P1P2 f <iiRT . q2R T > 
dx DVP \ pi p 2 
(9) 
= - !2L (Pâ Li - Piq2
}- ( 1 0 ) 
In the s implif ied r e c t i f i c a t i o n theory, one of the basic 
assumptions is t ha t of equi-molal overflow; tha t i s , the 
number of moles of vapor r i s i n g from any given height in 
a column is equal to the number of moles of l i qu id reflux 
f a l l i n g from the given height . In p r ac t i ce , when th i s 
assumption is not va l id , equilibrium data is adjusted by 
using f i c t i t i o u s molecular weights so that equi-molal over-
flow does r e su l t or p la te to p l a t e calculat ions are made 
with a heat balance over each p l a t e . Under th i s assumption, 
*1 - - q 3 ( ID 
and equation (10) becomes 
d P l R T / N < l l P , v 
sr s " ^ ^ ( p i + p2> * - §* - • <12> 
In tegra t ing across the gas f i lm, from 0 to x, and from 
12 
p^ to p , equa t ion (12) y i e l d s 
P± - P = a£(x - 0 ) , (13) 
Dm 
Solving f o r q, and no t ing t h a t p /P = y, 
q = j>a
( p l - P) = k G ( y i , y ) . ( U ) 
xG P 
The derivation of similar equations Tor diffusion in liquids 
3 
has been carried out , and the result may be expressed as 
q * £&(*! - x) - ̂ L^xi - * ) • (15) 
xL 
In studying the effect of operating pressure on the 
efficiency of a fractionating column, an examination of the 
two transfer coefficients, k« and ky, is useful, 
As noted, the gas film transfer coefficient repre-
sents the ratio of the diffusivity constant, 1^, and the 
film thickness. Theoretical equations have been derived for 
determining the diffusivity constant4, and these equations 
indicate that Dm is independent of the pressure, and approx-
imately proportional to the square root of the absolute 
temperature, 
rr 
Sherwood, T.K.: "Absorption and Extraction," McGraw-
Hill Book Co., Inc., New York, 1937, p. 22. 
4 
Sherwood, T.K., op. cit., p. 167. 
13 
Gi l l i l and studied experimentally the effect of p re s -
sure and other operating var iables on the thickness of the 
gas f i lm. By measuring the r a t e of vaporizat ion of a number 
of l iquids in a wetted-wall column through which a i r was 
forced at various ve loc i t i e s and pressures , he determined 
the effect of both pressure and velocity on the film th ick -
ness, Results showed that when var ia t ions in the Reynolds 
number were corrected for , the effect of pressure on the gas 
film thickness was neg l ig ib l e . The range of pressures 
studied was from 110 to 2,330 mm. of mercury. The effect 
of mass vapor veloci ty on the f i lm thickness was appreciable , 
the film thickness being inversely proport ional to approxi-
mately the 0,8 power of the mass ve loc i ty . 
Thus i t would appear that k^ is independent of the 
t o t a l pressure a t a given mass ve loc i ty , but var ies as the 
0.8 power of the mass ve loc i ty , and approximately as the 
0.5 power of the absolute temperature. 
Due to the large va r i a t ion of kG with mass ve loc i ty , 
Chilton and Colburn introduced the "Transfer Unit" concept 
by considering the r a t i o of kQ to the mass velocity as more 
nearly constant for varying v e l o c i t i e s , 
G i l l i l a n d , D.R., and Sherwood, T.K., I n d u s t r i a l and 
Engineering Chemistry, 26, 516 (1934). 
6 Chi l ton , T.H., and Colburn, A.P . , I n d u s t r i a l and 
Engineering Chemistry, 27, 255-260 (1935)."" 
A m a t e r i a l b a l a n c e o v e r a s e c t i o n of column of h e i g h t 
dH may be e x p r e s s e d as 
# 
dw = dyGS (16) 
T m ~ 
I n t e rms of w, e q u a t i o n (14) may be e x p r e s s e d a s 
dw = kfc(y± - y)dA « k ^ ^ S d H a . (17) 
Combining and r e a r r a n g i n g e q u a t i o n s (16) and ( 1 7 ) , 
P-* ^ ! d H (18) 
Ay G 
which in integrated form may be written as 
•y? 
dy kGaMmH 
A7 ~ S — ( 1 9 ) 
*l 
7 
The integral on the left was defined by Chilton and Colburn 
as the number of transfer units, which is analogous to the 
number of theoretical plates, used by peters In defining 
H.E.T.F., the height equivilant to a theoretical plate. 
The H.E.T.P. is found by dividing the height of the column 
"See page vii for Nomenclature, 
7Chilton, T.H., and Colburn, A.P., op. cit., p. 255. 
Q 
P e t e r s , W.A. , I n d u s t r i a l and E n g i n e e r i n g C h e m i s t r y , 
1 4 , 476 ( 1 9 2 2 ) . 
by the number of theoretical plates, Xn the same way, 
H.T.TT., the hei^it of a transfer unit, is defined as the 
height of the packed section divided by the number of trans-
fer units. The H,T.U. has a more sound theoretical basis 
for packed columns than the H.E.T.P. since it is based on 
a differential change up the column, whereas H.E.T.P. Is 
based on finite steps, 
The effect of the operating variables on the trans-
fer coefficient for the liquid film, kL, is difficult to 
analyze, due to the complicating effects of ionization, 
association, and dissociation, and the difficulty of 
eliminating natural convection, 
Studies of the diffusivity constant for liquids, 
D-r, have not been very extensive. Early theoretical treat-
9 10 
ments on the evaluation of DL by Sutherland , and Einstein , 
showed DT to be directly proportional to the absolute tem-
perature and inversely proportional to the liquid viscosity 
for a given liquid, A more recent publication using the 
theory of absolute rates has shown the same relation between 
DT, temperature, and viscosity. 
Sutherland, W., Philosophical Magazine, £, 781 (1905) 
10Einstein, A., Annalen der Physik, 17, 549 (1905). 
^Jlasstone, S., Laidler, K.J., and Eyring, H.: "The 
Theory of Rate Processes," McGraw-Hill Book Co., Inc., New 
York, 1941, p. 516. 
16 
Many studies have been made on the relation between 
12 
temperature and viscosity ; these studies show that an in-
crease in temperature results in a decrease in viscosity 
for all liquids. Studies also show that an increase in 
pressure results in an increased viscosity (with the excep-
tion of water), but this effect is not pronounced until 
relatively high pressures are attained. At pressures one 
atmosphere and below the effect of pressure on viscosity is 
negligible. 
Published results showing the effect of operating 
variables on the thickness of the liquid film are lacking. 
14 
However, absorption studies by Sherwood and Holloway , in-
dicate that the absorption coefficient, k^, increases with 
liquid rate* 
Thus, it would appear that for a liquid mixture in 
a rectification column, the coefficient, kr, is independent 
of pressure, but is a function of the liquid velocity and 
absolute temperature. 
It is generally more convenient to work with overall 
coefficients in evaluating column performance, rather than 
-^Partington, J.R.: "An Advanced Treatise on Physical 
Chemistry," Longmans, Green, and Co., London, 1951, pp. 
95-110. 
13Partington, J.H., op. cit., pp. 89-92. 
•^Sherwood, T.K., and Holloway, J.H., Transactions, 
American Institute of Chemical Engineers, 56, 50 (1940). 
17 
the individual coefficients, since interfacial conditions 
are usually not known. The overall coefficients are defined 
by the following equation: 
dw = E^y* - y) = KL(x* - x). (20) 
The relation between individual and overall coeffi-
cients may be shown to be 
ik s ^ + HEE' (21) 
15 where H is the Henry1 s Law constant, Sherwood has shown 
for absorption of SOg by water that although increased tem-
perature increases k^ because of the increased diffusivity, 
the Henry1s constant, H, decreases with increased tempera-
ture, Sherwood states that "the net effect is not large in 
this case, although the liquid film resistance, l/Hk^, is 
definitely increased by raising the temperature•" 
The relative resistance of the two films, liquid and 
gas, are of importance in estimating the performance of a 
rectification process. When Chilton and Colburn16 first 
proposed the transfer unit concept for distillation, their 
derivation was on the assumption that the liquid-film 
"See page vii for meaning of symbols used. 
15Sherwood, T.K., op. cit., p. 167. 
16Chilton, T.H., and Colburn, A.P., op. cit., p. 255 
17 
res i s tance was neg l ig ib l e . Johnstone and Pigford , studied 
the r e l a t i ve effect of the two res is tances in a wetted-wall 
d i s t i l l a t i o n column, with the systems, benzene-toluene, 
tolune-ethylene d ich lor ide , ethanol-water , and acetone-
chloroform. Their conclusions were tha t the l iquid film 
•I Q 
res i s tance was neg l i g ib l e . Surowiec and Furnas obtained 
data which showed that the l iquid film res i s tance is much 
less than that of the gas . Their work was in a wetted-wall 
d i s t i l l a t i o n column with the system ethanol-water . 
In the same way that HTU was o r ig ina l ly defined for 
the case in which only the gas film res is tance was of im-
1 Q 
portance, an overall HTU was defined by Colburn to over-
come the objection to the great variation of the overall 
transfer coefficients with gas and liquid velocities. The 
overall HTU, in units of y and y , is defined as the column 
height divided by the number of overall transfer units, 
NTU0(>, where 
7. * 
NTU0G " / -J* • (22) 
7 - y 
17 
Johnstone, H.F., and Pigford, R.L., Transactions, 
American Institute of Chemical Engineers, 58, 55 {I94aj. 
1R 
Surowiec, A.J., and Furnas, C.C., Transactions, 
American Institute of Chemical Engineers, 58, 55 (1942) . 
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Colburn, A.P., Transactions, American Institute of 
Engineers, 55, 211 (19597^ 
See page viii for table of Nomenclature. 
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C o l b u r n a l s o showed t h e r e l a t i o n s h i p be tween t h e I n d i v i d u a l 
ETU's and t h e o v e r a l l HTU t o be 
HTUQG = HTUG + (HTUL) (mG/L) (23) 
Equations (22) and (23) are derived for the case of equi-
molar counter diffusion which obtains in rectification 
columns. 
Unfortunately, studies of HTUQG in distillation 
columns have shown that this quantity also varies with gas 
and liquid velocities and perhaps other variables. Workers 
using relatively large packed columns have noted a decrease 
in HTUQQ with increased mass velocities* For example, 
Of) 
Herman and Kaiser"1 , in testing a 1 foot diameter column 
packed with fiber glass, reported a decrease in HTU with 
pi 
increasing vapor velocity, as did also Schofield . Work 
with relatively small laboratory columns has, on the other 
hand, shown a decreased efficiency as vapor velocity is 
22 increased. Podbielniak tested several columns varing in 
diameter from 5.7 millimeters to 13 millimeters in diameter, 
and noted a decrease in efficiency with increased reflux 
20 
can I n s t 
Herman, A . , and K a i s e r , R . R . , T r a n s a c t i o n s , A m e r i -
i t u t e of Chemical E n g i n e e r s , 4 0 , 487 ( 1 9 4 4 ) . 
' ^ S c h o f i e l d , R . C . , Chemica l E n g i n e e r i n g P r o g r e s s , 
46_, 405 (1950). 
G O 
Podbielniak, W.J., Industrial and Engineering 
Chemistry, Analytical Edition, 13, 639 (1941). 
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rate. Struck and Kinney experienced the same effect. 
Myles, et. al., experienced both an increase and decrease 
in HTUQQ in testing five different types of packing, the 
difference in efficiency depending upon the type of packing 
employed. 
OK, 
Colburn and Pigford have attempted to predict the 
effect of various operating variables on HTUQQ for distilla-
tion columns by drawing upon information from the field of 
absorption, since, as they say, "the operations are anal-
ogous," and "distillation data are not reliable." These 
workers indicate that temperature has little if any effect 
on values of HTUQ, but that increasing temperature results 
in a marked decrease in values of HTUL, because of the in-
creased ratio of diffusivity to viscosity. As pointed out 
oc 
previously, however, Sherwood cites a case of absorption 
of SO2 in water in which the liquid resistance increases 
with temperature. Colburn and Pigford27 further report 
23Struck, R.T., and Kinney, C.R., Industrial and 
Engineering Chemistry, 42, 77 (1950). 
24Myles, M., Peldman, J., Wender, I., and Orchin, M., 
Industrial and Engineering Chemistry, 43, 1442 (1951). 
25Colburn, A.P., and pigford, R.L.: In "Chemical 
Engineers* Handbook," W.G. Perry, Ed., 3rd ed., McGraw-Hill 
Book Co. Inc., New York, 1950, p. 618. 
2%herwood, T.K., op. cit., p. 167. 
^Colburn, A.p., and Pigford, R.L., op. cit., p. 619. 
21 
that the effect of pressure on HTUQQ is negligible, other 
than in determining the temperature, and thus the viscosity, 
of the liquid. 
In view of the foregoing discussion it is apparent 
that the important variables to consider in evaluating 
column performance at reduced operating pressures are the 
gas and liquid velocities, provided that such quantities 
as column height and diameter, packing, composition, and 
reflux ratio are fixed. 
It is interesting to note that in operating at re-
duced pressures the allowable liquid velocity decreases as 
pressure is reduced, whereas the allowable linear vapor 
velocity increases. An arbitrary rule of use in laboratory 
vacuum distillation concerning vapor velocity has been set 
up as follows28: 
The vapor velocity to be used under vacuum should 
be regulated so that it is related to the velocity 
used at atmospheric pressure by an inverse square 
root function of the fractional atmospheric pressure 
used. For example, if a pressure of 30.4 mm, or 
l/25 atmosphere, is used the vapor velocity should 
not exceed the irirerse of the square root of l/25, 
or 5 times the velocity used under similar condi-
tions at atmospheric pressure. 
Another basis for selecting velocities at redueed 
pressures for comparison is a fractional value of the 
flooding velocities. Berg and popovac29 operated just 
^Carney, T.P., "Laboratory Pactional Distillation," 
The Macmillan Company, New York, 1949, p. 146. 
29Berg, L., and popovac, D.p., Chemical Engineering 
Progress, 45, 683 (1949). 
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below the flood point in a series of runs at several pres-
sures, and used these velocities as a basis for correlation. 
Others30 have chosen fifty per cent of the flooding velo-
city as basis. Myles, et. al.51 chose the arithmetic mean 
of the highest boil-up rate possible short of flooding and 
the lowest measurable rate at the column reflux drip point, 
This basis was used rather than fifty per cent of flooding, 
because at some of the pressures studied, fifty per cent of 
the flood rate was so low as to be unmeasurable at the drip 
point. 
New Theoretical Considerations 
If, for a given column and packing operating under 
total reflux, the gas and liquid velocities are the vari-
ables of real significance, there might be reason to sus-
pect that the time of travel of the gas and that of the 
liquid molecules through the column are important variables. 
The time for a gas molecule to travel the length of the 
packing is inversely proportional to the linear vapor velo-
city, and the time for a liquid molecule to travel the 
length of the packing is inversely proportional to the 
linear liquid velocity. The superficial vapor velocity, 
based on the entire column cross-section, although not the 
true velocity, is probably nearly proportional to it for 
30Myles, Feldman, Wender, & Orchin, op. cit., p. 1442. 
33-Ibid. 
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the range of velocities up to the flood point. 
Assuming complete wetting of the packing at all re-
flux rates, so that tte liquid covers essentially the com-
plete column cross-section, a superficial linear liquid 
velocity may be defined as L/^. The liquid densities for 
liquids at their boiling point (orthobaric density) and 
pressures below one atmosphere are available for only a 
very few liquids. As an example of the effect of reduced 
pressure on this density, the density of ammonia liquid 
varies only about six per cent in going from 50 mm to 760 
mm of mercury. ̂  
Since orthobaric densities were not known for the 
liquids used in this investigation, and due to the slight 
variation in this density for liquids, it was assumed that 
u^ was approximately equal to L. Thus, although the mass 
reflux rate, L, is not a true measure of the linear liquid 
velocity, it is probably nearly proportional to it for the 
range of velocities usually investigated. 
In considering the ability of a column to separate 
partially a mixture of two miscible liquids, one might 
associate with a molecule, or group of molecules, of higher 
boiling component rising as vapor from the still a proba-
bility of its passing from the vapor phase into the liquid 
^Lange, N.A.: "Handbook of Chemistry," N.A. Lange, 
Ed., 5th ed., Handbook publishers, Inc., Sandusky, Ohio, 
1944, p. 1462. 
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phase, and hence back to the still. In the same way, one 
mig^t associate with a molecule, or group of molecules, of 
lighter boiling component descending as liquid from the top 
of the column a probability of its passing from the liquid 
phase to the gas phase, and hence back to the top of the 
column. 
Prom elementary probability theory, it should be 
clear that the probability of both of these events occur-
ring is the product of each of the individual probabilities 
Under the condition that the times of travel of 
liquid and gas through the packing are the only variables 
of consequence, the total probability would therefore be 
proportional to the product of the individual times. In 
terms of the velocities just discussed, the total proba-
bility would be inversely proportional to the product of 
the gas and liquid velocities, or under the assumptions 
made, proportional to the product 1/LUQ.. 
The higher this probability, the greater the separa-
tion in the column, and thus a greater efficiency, and a 
greater number of transfer units. Thus, HTUQQ should be a 
function of the product Lu^, and should be independent of 
operating pressure or temperature• 
If this were true, it would explain the arbitrary 
*m 
rule previously stated. At a fixed operating pressure 
33Carney, T.P., op. cit., p. 146. 
the vapor velocity is directly proportional to the liquid 
reflux rate. In addition, vapor velocity is inversely pro-
portional to pressure for a fixed boil-up rate if tempera-
ture variation is moderate. Thus, at total reflux, permit-
ting the vapor velocity to reach a value inversely propor-
tional to the square root of operating pressure would result 
in a reflux rate directly proportional to the square root of 
pressure. Therefore, u$ would be inversely proportional to 
L, and the product LUQ. would be constant. 
The effect of reflux ratio on HTU0G. has been studied 
by Colburn and Pigford , who state: 
There appears to be no reason why changing reflux 
ratio should affect the value of HTTJQQ except possibly 
in changing the liquid flow rate and in changing the 
group mV/L and thereby the relative importance of gas 
and liquid velocities. Until separate values of HTUQ 
and HTUT are known, the latter effect cannot be pre-
dicted. 
However, as these authors point out, other workers, notably 
Furnas and Taylor , in a study with ethanol and water as 
test mixture, and Duncan, Koffolt, and Withrow , using five 
different test mixtures, found unexpectedly high values of 
HTUQQ for ratios of G/L higher than 1.5. More recently, 
34 c 
olburn and P ig fo rd , op . c i t . , p . 619. 
S^Furnas C.C. , and T a y l o r , M.L., T r a n s a c t i o n s , 
American I n s t i t u t e of Chemical E n g i n e e r s , 36, 155 (1940) . 
3 6Duncan, D.W., K o f f o l t , J . H . , and Withrow, J . R . , 
T r a n s a c t i o n s , American i n s t i t u t e of Chemical E n g i n e e r s , 38 , 
259 (1942) . 
Carter0' In studying both a rectifying and stripping section 
of a distillation column, found HTUQQ to vary greatly as the 
ratio G/L increased. Colburn and Pigford38 are of the 
opinion that at high ratios of G/L, "the liquor leaving the 
column is very close to equilibrium with the entering vapor, 
so that even a mild maldistribution would affect the counter-
current action of the different streams, and be reflected in 
high values of H.T.U." 
Whatever the reason for the increased HTTJQG* the work 
of this investigation indicates that the effect is even more 
pronounced at reduced pressures than at atmospheric pressure. 
37Carter, W.L.: "Characteristics of a Packed Distilla-
tion Column: Correlations of HTU with Operating Variables for 
Rectification of Carbon Tetrachloride-Toluene Mixtures," 
Unpublished Thesis, Georgia Institute of Technology, 1950. 
58Colburn and Pigford, op. cit., p. 619. 
27 
CHAPTER I I I 
APPARATUS AND MATERIALS 
The a p p a r a t u s was made from n o n - c o r r o d i b l e m a t e r i a l . 
A l l p a r t s of t h e d i s t i l l a t i o n column and a u x i l i a r y e q u i p -
ment were c o n s t r u c t e d o f " p y r e x " g l a s s , the b r a n d name f o r 
a h e a t - r e s i s t a n t g l a s s m a n u f a c t u r e d by t h e C o r n i n g G l a s s 
Company. 
An a s s e m b l y d i a g r a m of t h e a p p a r a t u s i s p r e s e n t e d 
i n F i g u r e 11 i n t h e A p p e n d i x . 
1 . S t i l l and Column 
The s t i l l c o n s i s t e d of a s t a n d a r d 5 - l i t e r , 3 - n e c k 
d i s t i l l a t i o n f l a s k , w i t h g round g l a s s t a p e r j o i n t s . The 
c e n t r a l neck was c o n n e c t e d t h r o u g h an e x p a n s i o n j o i n t t o 
t h e co lumn, one s i d e neck was c o n n e c t e d , t h r o u g h c a p i l l a r y 
t u b i n g , c o n d e n s e r , and manomete r , t o t h e t o p of t h e m a i n 
column c o n d e n s e r , i n o r d e r to measure p r e s s u r e d rop a c r o s s 
t h e co lumn. The o t h e r s i d e neck c o n t a i n e d t h e b o t t o m sample 
t a k e - o f f l i n e , and uhe p r o d u c t r e t u r n l i n e from t h e r e f l u x 
d i v i d e r a t t h e t o p of t h e co lumn. 
The s t i l l was s e a t e d i n a " G l a s - c o l " h e a t i n g m a n t e l , 
p u r c h a s e d from G l a s - C o l A p p a r a t u s Company, T e r r e H a u t e , 
I n d i a n a . Heat was s u p p l i e d t o t h e m a n t l e by a 4 5 0 - w a t t 
h e a t i n g e l e m e n t i n s i d e t h e m a n t l e . A n o t h e r " G l a s - c o l M 
h e a t e r c o v e r e d t h e u p p e r h a l f of t h e s t i l l . The q u a n t i t y 
of h e a t a d m i t t e d t o t h e m a n t l e s was r e g u l a t e d by v a r i a b l e 
t ransformers, having a range of 0 to 135 v o l t s . 
The column was constructed of a 44-inch sect ion of 
standard 45 mill imeter diameter glass tubing, including 
standard ground glass taper jo in t s attached a t each end, 
of 45 mil l imeter diameter. A conical packing support was 
sealed to the column at a height 4 inches from the bottom 
taper j o i n t . The column was constructed by the Ace Glass 
Company, Vine land, New Jersey . 
The column was insulated with asbestos to a th i ck -
ness of three-four ths of an inch. "Nichrome V" res i s t ance 
wire , purchased from Leeds and Northrop Company, Phi ladel -
phia , Pennsylvania, was then wound about t h i s f i r s t column 
insu la t ion , with turns spaced one-fourth of an inch apa r t . 
Three such windings were made: one about the middle ten 
inches of packed sec t ion , and the other two above and below 
t h i s middle winding to the ends of the column. The column 
was then covered with standard 3-inch Magnesia pipe insula-
t i o n , approximately 1 inch th ick . 
Adiabatic operating conditions were maintained at 
each of the three column sect ions by supplying enough heat 
to the windings so tha t no heat would be t ransmit ted r a d i -
a l l y through the column. Heat was supplied through variable 
t ransformers. The se t t i ng to be made on each of these t rans 
formers--one for each heater--was determined by a pa i r of 
thermocouple readings from two thermocouples; one located 
at the column wal l , and a second located r a d i a l l y outward 
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from the f i r s t , and s i tua ted at the heater winding. When 
readings on these two thermocouples were the same—indicat-
ing the same temperature a t the column wall and a t the 
heater winding—no heat was being t ransmit ted at tha t par-
t i c u l a r column he igh t , and the transformer s e t t i n g was 
co r rec t . Such a pair of thermocouples was located a t the 
middle of each of the three heater windings, 
2 . Column Packing 
The packing used in t h i s inves t iga t ion was a spec ia l 
8-turn glass h e l i x , one-eighth inch in diameter and th ree -
eighths inch long, manufactured by Ace Glass Company, Vine-
land, New Jersey, I t seemed wise to t e s t such a packing, 
since t e s t s of a specia l 6-turn he l ix by Fenske*1- had shown 
a much lower eff iciency than the usual s ingle turn h e l i x , 
The efficiency of the packing used in t h i s inves t iga t ion 
also showed a low efficiency compared to s ingle tu rn h e l i -
ces , and other conventional types of packing, but compared 
favorably with the 6-turn he l i ces previously mentioned, 
Table I in the Appendix shows a comparison of the data of 
th i s inves t iga t ion with several standard packings• 
Tests on the 8-turn he l ices showed a free volume of 
85 per cent , and a s t a t i c hold-up of 26 m i l l i l i t e r s per 
foot of column. Approximately 10,000 individual pieces of 
1Penske, M.R., Tongberg, C.P., and Quiggle, D,, 
I n d u s t r i a l and Engineering Chemistry, 26, 1169 (1934).. 
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packing were used to fill the column to the height desired, 
which was 30 inches. 
The column was packed by dropping each piece of pack-
ing individually into the column, and the column was in-
sured of proper packing by shaking the column frequently as 
the filling process was in progress, 
3. Vacuum Pump 
The pump employed to produce and maintain the desired 
operating pressures at the reduced pressures studied was a 
"Cenco Megovac Vacuum Pump," purchased from the Central 
Scientific Company of Chicago, Illinois. It operated on a 
voltage of 220 volts, and was guaranteed by the manufacturer 
to produce at the inlet a vacuum of 0.1 micron of mercury, 
or better. 
4. Pressure Piegulator 
The operating pressure was maintained constant 
2 
through use of a cartesian diver type of manostat. The 
particular manostat used in this investigation was manufac-
tured by Emil G-reiner Company of New York, A sketch of this 
manostat is presented in Figure 1 on page 31. By reference 
to Figure 1, the principle and operation of the manostat 
^Gilmont, Roger, Industrial and Engineering Chemis-











may be described. The system was evacuated to the desired 
pressure with stopcock "fM open so that the same pressure 
existed on both sides of the orifice "hM and inside the 
float "a" (the cartesian diver). The diver floated on the 
mercury "i". When the desired pressure was attained, stop-
cock "f" was closed. The pressure which was trapped in the 
float and line "c" controlled the pressure on the system 
side "d,f. So long as the pressure in the system remained 
the same as that trapped in the float, the rubber valve "b" 
sealed off orifice "hn, and no gas was removed from the sys-
tem, If, however, the pressure rose in the system through 
leakage, the float dropped, opening orifice "h" and allowing 
the vacuum pump to remove gas from the system through "d", 
until the system pressure again equalled that in the float, 
In actual operation the movement of the float was almost 
imperceptible, and the system pressure was maintained to 
within 0.1 mm. of mercury, 
5. Reflux Divider 
Product take-off was regulated by a reflux divider, 
shown in figure 2 on page 33. The operation of the divider 
may be described by reference to Figure 2. Vapors from the 
column passed through the divider and into the main column 
condenser "a", where they were totally condensed and re-
turned to the divider. The returning liquid passed over the 
lip "b", down the shaft "c", and over the ball and socket 
FIGURE 2 - REFLUX DIVIDE? 
joint "d". This joint opened and closed intermittently 
according to a setting on an electric timer. When the coil 
"i" was activated, the iron core "h" was raised, opening 
joint "d" . When the joint was open, the condensate flowed 
out of the divider to the product take-off line "e". When 
the joint was closed, the condensate flowed over it, off 
the drip point "e", and back to the column. By regulating 
the time of activation of the timer, it was possible to 
maintain any desired reflux ratio. Vapor temperature was 
measured by a thermocouple in the well "j". Line "g" was 
connected to the pressure manometer to measure column pres-
sure. 
The reflux divider was constructed especially for 
this investigation by the Ace Glass Company of Vineland, 
New Jersey. The divider was insulated with asbestos, and 
was wound with a Nichrome V wire heater. This heater was 
connected to a variable transformer, so that the amount of 
heat admitted to the winding could be regulated so that no 
vapors were allowed to condense before reaching the main 
column condenser. 
6. Electric Timer 
An electric timer was employed to intermittently 
activate the ball and socket joint in the reflux divider, 
The timer used operated on a ten-second cycle, on a line 
voltage of 110 volts. It was manufactured by the G-eneral 
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Electric Company, and was listed by them as Timer Switch 
3TSA144P10. The timer was so constructed that it was possi-
ble to regulate the activation time from 0 to 100 per cent 
of the cycle time by a simple setting on a scale with mark-
ings in per cent of cycle time, 
7. pressure Manometer 
The pressure at the main column condenser was meas-
ured with absolute Mercury manometers. For pressures below 
250 mm, of mercury, a manometer purchased from the Central 
Scientific Company of Chicago, Illinois, was used. This 
manometer was equipped with a movable mirrowed scale to 
eliminate parallax. For pressures above 250 mm, of mercury, 
an absolute manometer constructed by the author was used, 
Both of these manometers were tested for accuracy at low 
pressures with a McLeod gauge which was purchased from 
General Electric Company, 
8. Pressure Drop Manometer 
The pressure drop across the column (lengthwise) was 
measured by inserting directly into the line connecting the 
still with the main column condenser a U-tube manometer 
containing di-butyl phthalate. This liquid was chosen be-
cause of its low vapor pressure, and relatively low density. 
The difference in height between the two arms of this mano-
meter was a direct measure of the column pressure drop. 
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The phthalate was changed periodically to avoid any error 
due to dilution, 
9. Thermocouples and Potentiometer 
Temperature measurements in this investigation were 
made indirectly by measuring the voltage generated in a 
thermocouple circuit, of which one thermocouple was located 
at the point at which temperature measurement was desired, 
and another thermocouple was immersed in an ice bath. 
A pair of thermocouples was located at the middle 
of each of the three column heater windings--one at the 
column wall, and one at the heater winding. A thermocouple 
was located in the still, and in the reflux divider, and 
one was located at the column wall six inch s below the top 
of the column to check on the temperature in this particu-
lar section of the column above the packing. 
The thermocouples used consisted of an iron and a 
constantan wire twisted securely together in several turns. 
Thermocouple wire, of a duplex design, containing both the 
iron and constantan in a single strand, and insulated with 
glass fibers, was purchased from Leeds and Northrup Company 
of Philadelphia, Pennsylvania. 
The voltage, in millivolts, induced in each thermo-
couple circuit was measured with a Double Range Precision 
Potentiometer Indicator purchased from Leeds and Northrup 
Company. The thermocouple circuits were connected to the 
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potentiometer through a Leeds and Northrup Ten-point Rotary 
Selector Switch, so that only one ice bath cold junction was 
necessary, and only one connection to the potentiometer for 
all nine thermocouple circuits was necessary. 
10. Refractometer 
Analysis of column equilibrium samples was made by 
index of refraction, and for this purpose a Bausch and Lomb 
modified Abbe type precision refractometer was employed. 
In this type of refractometer, the prism hinge is vertical 
instead of horizontal, a monochromatic sodium D line is 
provided (no compensator system necessary), and the refrac-
tometer scale is horizontal and of the equidivision type 
with an accompanying calibration chart of scale reading 
versus refractive index. Because the scale has equal divi-
sions, more accuracy per scale division is provided at the 
upper end of the scale where the change in refractive index 
per scale division is only one-third of the change at the 
lower end of the scale. The entire range of refractive 
indices is covered by two of these instruments. At 25° C. 
the two liquids used in this investigation had refractive 
indices on the lower end of the scale of the higher range 
instrument. Since the refractive index decreased with an 
^Weissberger, A.: "Technique of Organic Chemistry," 
Vol. I, Interscience Publishers Inc., New York, 1949, 
pp. 1209-1213. 
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increase in temperature, the temperature for analysis was 
raised to 43° C. to enable the upper end of the scale of 
the lower range instrument to be used. The increase in 
accuracy provided another significant figure in the analy-
sis of samples* 
The constant temperature of analysis, 43° C , was 
maintained by means of a constant temperature bath, manu-
factured by Precision Scientific Company of Chicago, Illi-
nois. 
11• Voltage Regulators 
The amount of heat to the still mantles, the column, 
reflux divider, and bottom sample take-off heaters was reg-
ulated by means of variable transformers, called "Variacs," 
purchased from Superior Electric Company of Bristol, 
Connecticut. By use of these "Variacs," it was possible 
to vary output voltage continuously from no voltage up to 
a maximum of 135 volts. 
Constant output from these "Variacs" depended upon a 
constant 115 volts being applied to the primary circuit. 
Since line voltage varied with power demand, it was neces-
sary to supply the "Variacs" from a 3 KVA voltage stabilizer. 
12. Binary Test Mixture 
Methyl benzoate and isopropyl benzoate were chosen 
as the components of the test mixture used in investigating 
column efficiency at reduced pressures, because a mixture 
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was desired which could be used at both atmospheric pressure 
and reduced pressures as low as 10 millimeters of mercury, 
These chemicals appear to possess many of the preferred 
characteristics of a binary mixture for determining effi-
ciencies in packed columns, which have been listed by 
Penske4: 
The components should be obtainable in a high 
state of purity. 
The components should be relatively inexpensive 
if columns of large capacity are to be tested. 
The components should be of the same type as 
those regularly used in the columns. 
The mixture should be stable and non-corrosive 
in the columns. 
The mixture should allow condensation without 
resorting to refrigerative cooling. 
The mixture should be capable of easy and accu-
rate analysis • 
The mixture should be as nearly ideal as possi-
ble, the components being completely miscible at 
all the temperatures used, no azeotropes being 
formed, and the relative volatility being substan-
tially constant, for a given pressure, over the 
entire concentration range. 
The vapor-liquid equilibrium diagram should be 
available at the pressure used in testing, if a 
perfect solution is not formed and if the relative 
volatilities existing over the concentration range 
to be worked in are not known. 
The boiling points of the two liquids should be 
close enough so that, under the conditions of test, 
neither component is produced in a higfc state of 
purity. When this is the case, it is usually easier 
to obtain a more accurate analysis of the still and 
condenser samples. At the same time, the boiling 
points of the two liquids should not be so close 
that differences in pressure between the top and 
bottom of the fractionating section result in a 
considerable different number of plates calculated, 
^Fenske, M.R., Myers, H.S., and Quiggle, D., 
Industrial and Engineering Chemistry, 42, 649 (1950). 
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depending on whether the r e l a t i ve v o l a t i l i t y 
ex i s t ing a t the top or the bottom of the sec t ion 
or some average value is used in making calcula-
t i ons , This factor is espec ia l ly important when 
operating at reduced p ressu res , where the pressure 
drop through the f rac t iona t ing section may be 
appreciable in comparison with the pressure a t 
the top of the sec t ion . 
Stumpe5, who pr io r to the present inves t iga t ion ob-
tained vapor- l iquid equilibrium data for the system methyl 
benzoate-isopropyl benzoate, showed that th i s t e s t mixture 
follows most of the preferred cha rac t e r i s t i c s l i s t e d , 
Isopropyl benzoate, however, appeared to decompose s l i g h t l y 
upon continuous boiling at piessures above 200 mm. of mer-
cury, since a yellowish color appeared in the s t i l l l i qu id . 
In this inves t iga t ion , the s t i l l charge was changed pe r iod i -
c a l l y , and f ina l runs with used s t i l l charge were checked 
with new s t i l l charge. I n i t i a l runs at 10, 50, 200, and 
760 mill imeters of mercury were made with fresh charges. 
Since a vapor sample ra ther than a l iqu id sample was taken 
from the s t i l l , the s l i g h t decomposition which took place 
in the s t i l l did not appear to affect the analysis of th i s 
sample, or of overa l l r e s u l t s . 
The chemicals used were purchased a t d i f ferent times 
and bore the labe l of e i t he r the Eastman Kodak Company, or 
the Matheson Chemical Company. They were of the highest 
5Stumpe, N.E., J r . , "An Invest igat ion of the Vapor-
l iqu id Equilibrium at Pressures Below One Atmosphere for the 
System: Methyl Benzoate-isopropyl Benzoate," Unpublished 
Thesis , Georgia I n s t i t u t e of Technology, 1950, pp. 4 -5 . 
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purity available. The purchased chemicals were further puri-
fied by distillation at 25 millimeters of mercury in the 
column of this investigation. The heart cut of a single 
distillation of methyl benzoate and a second heart cut from 
a double distillation of isopropyl benzoate were used in 
the column testing, 
Physical data on the benzoates as reported in the 
literature are given in Tables III through XIII in the 
Appendix. Table IX in the Appendix shows vapor-liquid 
equilibrium data for each of the pressures used in this 
investigation, as reported by Stumped Table X shows the 
comparison of this experimental equilibrium data with 
Raoult»s Law, 
Figure 10 in the Appendix shows the calibration 
curves of mole fraction of methyl benzoate versus refrac-
tometer scale reading at 43° C , which were used in the 
analysis of the test mixture. 
Stumpe, N,E., Jr., op. cit., pp. 61-62. 
CHAPTER IV 
EXPERIMENTAL PROCEDURES AND RESULTS 
Column Operation 
The still charge for all experimental runs was 1500 
milliliters of the test mixture, methyl benzoate-isopropyl 
benzoate, of composition 55 mole per cent methyl benzoate. 
The initial step in making an experimental run was 
to bring the column and reflux divider up to the expected 
operating temperatures by admitting heat to the four 
heaters along the column and reflux divider. The quantity 
of heat was regulated by means of the variable transformers 
to which the heaters were connected. When the thermocouples 
along the column and reflux divider indicated temperatures 
near those to be expected under column operation, heat was 
admitted to the still heaters, and flow of cooling water 
was begun into the main column condenser. 
At the same time, the vacuum pump was put into opera-
tion to evacuate the system to the desired operating pres-
sure. The system was evacuated slowly to prevent any dis-
turbance of packing, which could occur if gas were removed 
too rapidly. When the desired pressure was attained, the 
pressure regulator was set to maintain this pressure. This 
pressure was reached and set before the test mixture in the 
still began to boil* 
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Enough heat was admitted to the s t i l l hea te r to cause 
flooding conditions in the column. The column was allowed 
to remain a t the flood point for about f i f t een minutes, and 
then the heat was reduced. When flooding had ceased, heat 
was again increased u n t i l the column again began to flood. 
After f i f teen more minutes, the heat to the s t i l l was ad-
justed for the p a r t i c u l a r boi l -up ra t e des i red. 
Adiabatic column operation was a t t a ined by adjusting 
more c lose ly the var iable transformers on the column h e a t e r s , 
so tha t the hea te r temperatures, as measured by thermocou-
p l e s , were e s sen t i a l l y the same as the corresponding column 
temperatures• Approximately one hour was required--from the 
time the t e s t mixture began to boi l—to reach thermal equi-
l ibr ium. After 1iiis time, only s l igh t fur ther adjustments 
were needed on the column hea t e r s . 
Heat to the reflux d iv ider , and to the heater cover-
ing the upper ha l f of the s t i l l , was regulated so that there 
was no condensation on the g£Lass surfaces involved. Thus, 
no r e c t i f i c a t i o n took place except in the packed sec t ion of 
the column* 
Prom three to six addi t ional hours were required to 
reach f rac t iona t ing equil ibrium, depending upon boil-up 
ra t e and operating pressure . Equilibrium time could be 
predicted roughly as near the time when the temperature in 
the reflux divider remained constant* When th i s time was 
reached, samples were withdrawn from the divider , a t twenty 
minute in te rva ls u n t i l analysis showed constant composition. 
When equilibrium was a t t a ined , thermocouple readings, heater 
vol tages , and pressure drop were observed and recorded; a 
f inal sample was withdrawn from the divider, and a vapor 
sample from the s t i l l was withdrawn and condensed. These 
two samples were analyzed by means of the refractometer, 
and analyses recorded. 
For t o t a l reflux runs, no d i s t i l l a t e was removed, 
other than the few small samples for analysis* 
The operation of the reflux divider has been des-
cribed previously (see page 32) . For runs other than t o t a l 
r e f lux , the column was s t a r t ed at t o t a l re f lux , and operated 
as such for approximately one hour a f t e r thermal equilibrium 
was reached, a f t e r which the reflux divider was se t for the 
desired ref lux r a t i o . The column was then operated a t th i s 
reflux r a t i o u n t i l equilibrium was a t t a ined . 
Boil-up Rate-Pressure Drop Correla t ion 
Measurement of the boil-up ra te for each run was of 
prime importance, since both operating va r i ab le s , vapor ve lo-
c i ty and mass ref lux r a t e , depended upon i t . An easy method 
for quickly determining i t was also des i r ab l e . Consequently, 
boi l -up r a t e was measured i nd i r ec t l y during ac tua l equ i l i b -
rium runs by a previously determined cor re la t ion between 
the boil-up r a t e and pressure drop. Thus, during any given 
equil ibrium run i t was easy to determine the boi l-up ra te 
by simply observing the pressure drop across the column and 
reading the boi l -up rate from a graph. 
In order to obtain this co r re l a t ion , preliminary runs 
were conducted a t each of the s ix pressures studied; for a 
given pressure drop across the column, the boi l -up ra te in 
grams per minute was measured by removing from the top of 
the column a timed d i s t i l l a t e sample, and weighing i t , 
Thus, by measuring th is boil-up r a t e at several pressure 
drops, i t was possible to construct a graph of boi l -up r a t e 
versus pressure drop for each pressure. Figure 8 in the 
Appendix shows these ca l i b r a t i on curves. These curves show 
that a logarithmic plot of pressure drop versus bo i l -up rate 
resu l t ed in a s t r a igh t l ine for each pressure , with l ines 
for different pressures being e s sen t i a l l y pa ra l l e l* These 
curves are for t o t a l ref lux operat ion. For f i n i t e ref lux 
runs, the boi l -up ra te was set and measured before the r e -
flux divider was put into operat ion. 
A study of these curves shows tha t the pressure drop 
corresponding to a f ixed boi l -up r a t e increases g rea t ly with 
succeedingly lower operating pressures . In the same way, 
the boi l -up r a t e corresponding to a fixed pressure drop in-
creases with increased operating p ressu re . In order to 
check on the r e l a t i ve compatibi l i ty of t h i s data, a plot of 
operating pressure versus boi l-up r a t e was constructed for 
fixed pressure drops of 5, 10, and 20 mill imeters of d i -
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butyl phthalate. This plot is shown in Figure 9 in the 
Appendix, As indicated by these curves, the data for each 
pressure fell essentially on a single straight line for a 
fixed pressure drop. This type of plot was also employed 
by Struck and Kinney1, with the same results. 
After the completion of most of the equilibrium runs, 
a timed sample of distillate was removed, and its volume in 
milliliters measured, as a check on the calibration curves. 
Analysis of Results 
In this investigation an attempt was made to study 
the specific effect of operating pressure (atmospheric and 
below) on the performance of a packed rectification column, 
along with the operating variables vapor velocity, reflux 
rate, and reflux ratio. The results of this study are re-
ported as values of the overall height of a transfer unit 
(gas units), HTUQQ, correlated against these operating 
variables. 
Various runs were conducted at each of the following 
six pressures: 760, 400, 200, 100, 50, and 10 millimeters 
of mercury absolute pressure. In order that values of the 
transfer unit might be calculated for these pressures, it 
was necessary that vapor-liquid equilibrium data for the 
system studied be available. In conjunction with this 
Struck, R.T., and Kinney, C.R,, Industrial and 
Engineering Chemistry, 42, 77 (1950). 
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inves t iga t ion , these data were obtained by Stumpe. 
For each of the aforementioned pressures , t o t a l r e -
flux runs were conducted at various boi l -up r a t e s , ranging 
from approximately ninety per cent to f i f t e en per cent of 
the flood point• 
Less extensive runs were conducted at f i n i t e ref lux 
r a t i o s for the pressures s tudied; ref lux r a t i o s (reflux to 
d i s t i l l a t e ) of 20 :1 , 10 :1 , 5 : 1 , 2 : 1 , and 1:1 were s tudied. 
a . Reflux Rate - HTiToG. Correlat ion at Total Reflux 
The experimental evidence of th is i nves t iga t ion shows 
the height of t ransfer u n i t , HTUQG, to be a function of the 
ref lux ra t e at any given pressure . An increase in ref lux 
ra te resu l ted in an increased value of HTUQQ.. The maximum 
allowable reflux r a t e was a function of operating pressure , 
the lowest allowable ra te being experienced at the lowest 
p ressure . Figure 3 , page 48, shows the graph of reflux ra te 
versus HTCJQG ^ o r e a c i l °? *b* s i x operating p ressures . These 
curves show that a logarithmic plot resu l ted in s t r a igh t 
l i n e s , with l ines for di f ferent pressures being e s s e n t i a l l y 
pa ra l l e l* I t is in te res t ing to note tha t for the range of 
ref lux r a t e s investigated—which at each pressure ranged 
from approximately ninety per cent to f i f t een per cent of 
^Stumpe, N.D., J r . , "An Inves t iga t ion of the Vapor-
l iquid Equilibrium at Pressures Below One Atmosphere for the 
System: Methyl Benzoate-Isopropyl Benzoate," Unpublished 
Thesis , Georgia I n s t i t u t e of Technology, 1950. 
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flooding--the range of HTTJQG was the same for all pressures, 
b. Vapor Velocity - HTUQQ. Correlation at Total Reflux 
When a column is operated at total reflux at a given 
operating pressure, the superficial vapor velocity, based 
on the complete column cross-section, is directly propor-
tional to the reflux rate, or to the boil-up rate. For 
this reason, a plot of vapor velocity versus HTUQQ. for a 
given operating pressure should result in the same type of 
curve as a plot of reflux rate versus HTUQQ. However, vapor 
velocity is almost inversely proportional to the pressure 
for a fixed reflux rate. Thus, it is expected that the 
order in which the curves for different pressures lie would 
not be the same with vapor velocity as abscissa as with 
reflux rate as abscissa* 
Figure 4, page 50, which shows the plot of vapor 
velocity versus HTUQQ. for each pressure, bears out the expec-
tation that the order of curves would be different. In fact, 
the order of pressures is completely reversed in the two 
plots, Figure 3 and Figure 4. 
c. HTUQQ - LuG Correlation at Total Reflux 
From a study of the factors affecting column perfor-
mance, and from a consideration of the probability of en-
richment of a vapor stream passing up a rectification column, 
it was concluded in Chapter II that the product of the mass 





for cor re la t ing eff iciency data when operat ing at pressures 
below atmospheric. I t was fu r the r concluded tha t with such 
a b a s i s , column eff iciency in terms of HTÛ p would be inde-
pendent of the operat ing pressure and temperature * 
In Figure 5 on page 52 is seen the p lo t of HTUQG 
versus the product Lu_ for a l l the t o t a l ref lux runs con-
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ducted at the six operating pressures studied. It is evi-
dent from this plot that, within the limit of the experi-
mental error involved, HTUQQ. is indeed independent of 
operating pressure for the correlation employed. 
d. HTU0G - u V?~Correlation at Total Reflux 
An arbitrary rule, listed by Carney3, for determining 
the optimum vapor velocity under reduced operating pressure, 
has been previously noted (see page 21). This rule states 
that the vapor velocity to be employed at reduced pressures 
to insure the same efficiency as at atmospheric distillation 
should be inversely proportional to the square root of the 
operating pressure. If the work of this investigation 
could be expected to follow this rule, a plot of HTUQG-
versus the product of vapor velocity and the square root 
of pressure should result in only one curve for all the 
pressures studied. Figure 6, page 53, shows such a plot 
for the total reflux data of this investigation. This plot 
3Carney, T.p., "Laboratory Fractional Distillation," 
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shows that the data does Indeed fall essentially on one 
straight line for the logarithmic plot• 
e. HTU0G - P x LuG Correlation 
The data obtained for runs conducted at finite reflux 
ratios In this investigation indicated that not only was the 
efficiency a function of reflux rate and vapor velocity, but 
it was also a function of both the reflux ratio and the 
operating pressure. Consequently, a factor involving both 
the reflux ratio and pressure was sought to line up all data, 
both at total reflux and at the finite reflux ratios, on a 
single curve. It was found that multiplying the abscissa 
of Figure 5, LuG, by a special factor, F, where 
, -0.35 
F = ll + P -l!) 
(P measured In atmospheres) resulted In a single curve for 
all data obtained* Since, for total reflux, the ratio G-/L 
is unity, the value of the factor, P, is also unity; there-
fore, a plot involving the factor, P, would be identical to 
Figure 5 for the total reflux data. Figure 7, page 55, 
shows the plot of HTUQQ. versus the product of LUQ and P for 
finite reflux ratios. In the interest of clarity, the total 
reflux data have been omitted from this plot, but all such 
data, if shown, would fall within the indicated parallelo-
gram, and the straight line shown on Figure 7 Is a continua-
tion and duplication of the line shown in Figure 5. 
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Comparison with Published Data 
a. Comparison of Column Packing 
No published data are available in which the same 
size column and same test mixture as employed in this inves-
tigation were tested, but data are available for similar 
columns and test mixtures, and such data for several types 
of packing are listed in Table I in the Appendix. This 
comparison of atmospheric pressure data indicates that the 
8-turn helices used in this investigation are less efficient 
than most common column packings, but are more efficient 
than the Jenske 6-turn wire helices. 
b. Comparison with Data of Berg and Popovac 
As noted in Chapter I, Berg and Popovac1 were the 
first investigators to attempt to correlate distillation 
data at reduced pressures. These workers conducted tests 
at only one velocity for each pressure studied—the velocity 
just short of flooding. 
In Table II in the Appendix their data is listed in 
terms of the product LUQ, in which a relative value of the 
product (LuG = 1 at one atmosphere) has been calculated. 
As the data of Table II indicate, the value of this product 
for their data is substantially the same for each pressure 
Berg, L., and Popovac, D.P., Chemical Engineering 
Progress, 45, 683 (1949). 
with the va r i a t i on apparently following the trend in va r i a -
t ion of the number of p la tes* The va r i a t ion in LUQ. is only 
s l i ^ i t l y greater than the var ia t ion in number of t h e o r e t i c a l 
p l a t e s . Since they concluded that the number of p la tes was 
constant , with the var ia t ion being due to experimental e r r o r , 
i t should be reasonable to assume tha t the product LuG was 




From the results of this investigation the following 
conclusions can be made: 
1. For the packing, column, and test mixture employed, 
HTTJ0G increases with both liquid and vapor velocity for a 
given reflux ratio and operating pressure* For a fixed 
liquid or vapor velocity, HTUQQ is a function of operating 
pressure. 
2. There is no record in the literature of a satis-
factory or general correlation for distillation data for 
tests at both atmospheric pressure and reduced pressures. 
This investigation has shown that the product of mass re-
flux rate and linear vapor velocity is an excellent basis 
for correlating distillation data at pressures one atmosphere 
and below. With a plot of this product as abscissa and 
HTUQQ as ordinate, data at total reflux for all pressures 
and velocities studied fell on a single curve. 
3. For a given finite reflux ratio, HTU0 is a func-
tion of pressure, and at a given pressure, HTTJQQ. is a func-
tion of reflux ratio. Although tests at finite reflux 
ratios were not as extensive as at total reflux, these data 
were also correlated. When the product of a special factor, 
F, where 
P = ® 
the ref lux r a t e , and the vapor ve loc i ty as abscissa and 
HTTJQQ. as o rd ina te , was p lo t ted using logarithmic coordi-
na t e s , a s ingle s t r a igh t l ine resu l ted for a l l the data of 
t h i s inves t iga t ion , 
4. Eight - turn glass h e l i c e s , one-eighth inch in 
diameter and three-e ighths inch long, are less e f f ic ien t 
than one-half inch be r l saddles and one-fourth inch r i n g s , 
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The following presenta t ion is a sample of the data 
tha t were recorded for each run. The data l i s t e d are for 
Run 70, and the ca lcula t ions of these data w i l l be made in 
the i r e n t i r e t y . 
Run 70 
February 12, 1951 
Pressure (Millimeters of Mercury) . .10 mm, 
Reflux Ratio (L/D) • 5:1 
Pressure Drop (Millimeters of d i -butyl ph tha l a t e ) . . 23 mm. 
Temperatures 
Thermo- M i l l i - Tempera-
couple v o l t s t u r e , °C. 
1 • 
S t i l l L iqu id 1 5.083 96 
Lower Column 2 4.590 87 
Lower Heater 5 4.599 87 
Middle Column 4 4.450 8 5 
Middle Heater 5 4.450 85 
Upper Column 6 4.220 80 
Upper Heater 7 4.265 81 
Top Column 8 4.231 80 
Reflux Div ider 9 4.169 79 
a t e r s Volts 
S t i l l Bottom 50 
S t i l l Top 30 
Lower Column 29 
Middle Column 15 
Upper Column 28 
Reflux Div ider 34 
66 
Analysis 
Refractometer Mole % 
Scale Reading G8^8°2 
S t i l l Vapor at Equilibrium 62.64 42.4 
Overhead Vapor a t Equilibrium 65.66 68.8 
The boi l -up r a t e in grams per minute was obtained 
by reading from Figure 8 in the Appendix the r a t e cor res -
ponding to the measured pressure drop. (The pressure drop 
for each run was observed under t o t a l ref lux condi t ions, 
and then the reflux divider was set to regu la te the reflux 
r a t e a t the fixed boil-up r a t e . ) As observed from Figure 8, 
the boi l -up r a t e for Run 70 is 8.9 grams per minute. 
Mass Boil-up Rate 
The boil-up r a t e was converted into u n i t s of pounds 
per second per square foot of column cross -sec t ion through 
the following ca lcu la t ion : 
G r (gm/min) (conversion fac tor ) 
(Cross-section Area) 
= (8.9 gm/min) (5.67 x 10"5 min-lbs/sec-gm) 
(0.0171 square feet} 
= 0.0191 l b s / s e c - f t 2 
Mass Reflux Rate 
The ra te of flow of reflux was calculated by mul t i -
rSee Figure 10 in the Appendix. 
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plying the boi l -up ra t e by the r a t i o of reflux to bo i l -up , 
which for Run 70 was calculated to be: 
L = (Boil-up Rate) (LAO 
= 0.0191 x 0.833 
= 0.159 l b s / s e c - f t 2 
Superf ic ia l Vapor Velocity 
The super f ic ia l l inear vapor veloci ty based on the 
t o t a l column cross-sec t ion was calculated on the basis of 
an average column temperature, which was taken to be the 
ar i thmet ic mean of the in le t and out le t column temperatures. 
For Run 70: 
I n l e t Temperature - 80° G. 
Outlet Temperature - 87° C. 
Average Temperature - 83.5° C. 
u = LSJ (ffrVrool) (Temperature Correction) 
(Mm) (Pressure Correction) 
= (0.0191) (359) ( [273 + 83.5]/273) 
(145) (10/760) 
= 4.7 f t / s e c 
Number of Transfer Units 
As defined by Chilton and Colburn1, the number of 
1 Chl l ton , T.H. and Colburn, A .p . , I n d u s t r i a l and 
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t r ans fe r un i t s corresponding to a given separa t ion in a 
packed column i s : 
•if 
Since no ana ly t i ca l expression r e l a t i ng y to y was read i ly 
ava i l ab le , some method of approximate in tegra t ion was de-
s i rab le to evaluate the given d i f i n i t e In t eg ra l . Por th i s 
2 
inves t iga t ion , that method known as Simpson fs Rule was 
employed. This method gives an exact value for def in i te 
in tegra l s for which the integrand is a polynomial of degree 
three or l e s s , and may be used to evaluate other def in i te 
in tegra ls approximately to any desired accuracy. 
The pr inciple involved In Simpson^ Rule i s a con-
s idera t ion of the de f in i t e in tegra l as a measure of area 
under a curve, in which the area is divided into n even 
s t r i p s of equal width, and the curve for each s t r i p is 
approximated by a general cubic equation. By choosing n 
su f f i c i en t ly la rge , any required accuracy may be obtained. 
Preliminary Invest igat ion of the data obtained in 
t h i s inves t iga t ion indicated that use of n = 4 was s u f f i -
cient for three s ign i f i can t figure accuracy, which was suf-
f i c i en t in terms of the experimental accuracy obtained. 
2 Perry , J . L . : "Chemical Engineers' Handbook," J .L . 
Perry, Ed. , 2nd ed . , McGraw-Hill Book Co. I n c . , New York, 
1941, p . 235. 
For n = 4, Simps on »s Rule may be expressed as 
2 
f(y)dy = y2 I yl[f(y1) + 4f (y^H-2f (y^) + 4f ( y m ) + f (y2)] 
» i 
where y*, y4i , and J*** represent the y-values a t the three 
middle divisions between s t r i p s , 
Taking f(y) to be (y* - y) , the value of the def i -
n i t e i n t eg ra l w i l l then be the number of t rans fe r u n i t s . 
The value of y* - y for various values of y was 
calculated by using the r e l a t i o n 
y * . y = ( y * - x) - (jr - » ) . 
Large-scale p lo ts of y*" - x were constructed for each pres-
sure from the equil ibrium data, which is shown in Table X 
in the Appendix. The value of (y - x) was obtained from the 
r e l a t i o n b e t w e e n y and x e x p r e s s e d a s t h e e q u a t i o n of t h e 
operating l ine 
y = «^L_ + XD 
R + 1 R + 1 
from which 
_ (R t D y - *D . 
R R 
The steps involved in evaluating y* - y for each of 
the five y-values is shown in the following table (data 
from Run 70): 
y X y*-x 
0 . 3 7 1 
y - x 
0 . 0 5 3 
y*-y 
0 . 4 2 4 0 . 3 7 1 0 . 0 8 4 
0 . 4 9 0 0 .450 0 .144 0 .040 0 . 1 0 4 
0 . 5 5 6 0 . 5 2 9 0 . 1 4 3 0 . 0 2 7 0 . 1 1 6 
0 . 6 2 2 0 . 6 0 8 0 .129 0 . 0 1 4 0 . 1 1 5 
0 . 6 8 8 0 . 6 8 8 0 . 1 0 7 0 . 0 0 0 0 . 1 0 7 
Having c a l c u l a t e d the v a l u e s of ( y * - y) , t h e f o l l o w -
i n g t a b l e shows t h e s t e p s i n e v a l u a t i n g the number of t r a n s • 
f e r u n i t s : 
(y* : y T
1 
M u l t . F a c t o r 
Factor * f ( y ) 
11 .90 1 11 .90 
9 . 6 1 4 3 8 . 4 4 
8 . 6 1 2 17 .22 
8 .70 4 3 4 . 8 0 
9 , 3 5 1 9 . 3 5 
- £ * 1 1 1 . 7 1 
(yg - 7%) = 0 . 6 8 8 - 0 . 4 2 4 - 0 . 2 6 4 
HTU„P r 0 . 2 6 4 * x ig = 2 . 4 6 . 
0 G 12 
Height of a T r a n s f e r Uni t 
The "Height of a T r a n s f e r U n i t " i s found b y d i v i d i n g 
t h e h e i g h t of the column p a c k i n g s e c t i o n b y the number of 
t r a n s f e r u n i t s . A c c o r d i n g l y , 
HTU0G « _ J £ _ 
NTUOG 
- 2 . 5 0 / 2 . 4 6 
= 1.02 f e e t . 
Product of Reflux Rate and Vapor Velocity 
In correlating tJhe disti l lat ion data for the various 
pressures studied, the product of the liquid reflux rate 
and the superficial linear vapor velocity was found to be 
useful. For the data of Run 70, this product is 
LuQ = (0.159) (4.7) 
* 0.747. 
Correlation Factor 
I t was fcu nd in this investigation that a plot of 
HTU0G versus the product of IAJU and a correlation factor, 
F, whe re 
-, . p -0.35 
( ! 
(P is here measured in atmospheres), resulted in data for 
al l reflux ratios and operating pressures studied lying 
essentially on one curve. For Run 70, 
0 , . 1 + 1 = 6 „ 1 # 2 f t 
1 R 5 
For 10 millimeters of mercury, pressure in atmospheres is 
0.0132. 
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Tabulation of Data of Berg and Popovac in Terms 








L x UpT 
Theo. 
Plates 
20 1.80 - 1.15 13 
50 9.3 44 1.28 13 
100 12.7 59 1.27 13.5 
200 18.7 76 1.45 12.5 
300 20.8 87 1.23 11.5 
400 25.8 96 1.45 11 
640 26.9 111 1.03 11,5 
760 28.6 118 1.00 11.75 
""Ratio of L x UQ at given pressure to L x UQ. at 760 mm, 
5Berg, L. and Popovac, D.O., Chemical Engineering 
Progress, 45. 683 (1949) 
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TABLE III 












4Kahlbaum; Georg, W.A., Zeitschrift fur Physlkalische 
Chemle, 26, 612 (1898) 
TABLE IV 
Vapor P r e s s u r e s of Methyl B e n z o a t e Below One Atmosphere 
P r e s s u r e 
mm. Mercury 
Tempe r a t u r e 
°C 
1 3 9 . 0 
5 6 4 . 4 
10 7 7 . 3 
20 9 1 . 8 
40 1 0 7 . 8 
60 1 1 7 . 4 
100 1 3 0 . 8 
200 1 5 1 . 4 
400 1 7 4 . 7 
760 1 9 9 . 5 
° P e r r y , J . L . : "Chemica l E n g i n e e r s * Handbook ," 
J . L. P e r r y , E d . , 2nd e d . , McGraw-Hil l Book Co. I n c . , New 
York, 1 9 4 1 , p . 1 6 1 . 
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TABLE V 









(Basis; Ho0 25°C) 
1.087 
1*010 
















6 Lange, N.A.: "Handbook of Chemis t ry ," Handbook 
Publ i shers . , Sandusky, 1944, p p . 532, 594 
'Phadke, S .R. , e t . a l . , J o u r n a l Ind ian Chemical 
S o c i e t y , 22 , 235 (1945"T"^ 
TABLE VI 
Physical Constants for Methyl Benzoate and Isopropyl 
Benzoate8 
Mol. Weight, g/mole 
Color of Liquid 
Index of Refraction 
Density, g/ml 
Melting Point °C 













Hodgman, CD.: "Handbook of Chemistry and Physics," 
30th ed., Chemical Rubber Publishing Company, Cleveland, 
1947, p. 668 
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TABLE VII 
Commercial Description of Isopropyl Benzoate9 
,TC6H5C00Ch(CH3)2. Colorless l i q u i d . M.W. 164.2; 
B.P. , 218.5 °C. @ 760 ram.; sp . g . , 1.016 @ 15/4° C ; 
f lash p t . (Cleveland Open Cup), 210° F . ; Subs tan t ia l ly 
i n so l . in water; s o l . in alcohol and organic so lvents ; 
odor, p leasant ly aromatic. Chemical p rope r t i e s ; under-
goes e s t e r exchange using customary ca ta lys t s to form 
other e s t e r s ; rapidly reac t ive source of the benzoyl 
r a d i c a l ; undergoes the usual react ions of e s t e r s on 
reduct ion, or other treatment. Uses: Alkyd res in manu-
facture to control c ross - l ink ing , chemical intermediate 
for manufacture of other es te r s such as benzyl benzoate; 
high boil ing solvent for inks , dyes, r e s i n s ; odorant. 
Available in commercial q u a n t i t i e s . Carbide and Carbon 
Chemicals Div." 
^"New Chemicals for Indus t ry ," Chemical I n d u s t r i e s , 
67, 252 (1950) 
TABLE VIII 
Refractometer Calibration for Methyl Benzoate - Isopropyl 
Benzoate Mixtures at 43& Centigrade 
Sample Mole Percent Refractometer 












0 .00 5 9 . 1 7 
12 .86 6 0 . 0 5 
2 4 . 4 0 6 0 . 9 7 
3 5 . 6 4 6 2 . 0 0 
4 6 . 3 3 6 3 . 0 5 
56 .10 6 4 . 0 6 
65 .98 6 5 . 2 7 
7 5 . 2 2 6 6 . 5 5 
8 3 . 8 4 6 7 . 8 5 
9 2 . 2 4 6 9 . 3 7 
100 .00 7 0 . 8 1 
TABLE IX 
Smoothed Equilibrium Data10 
Temperature Mole Percent Methyl Mole Percent Methyl 
°C. Benzoate in Liquid Benzoate in Vapor 
At 10 mm, Mercury Absolute Pressure 
87.3 10.6 17.0 
86.0 20.2 30.6 
84.4 35.0 48.4 
83.5 49.0 63.5 
80.0 65.3 76.9 
79.7 79.0 86.6 
79.3 90.6 94.3 
At 50 mm. Mercury Absolute Pressure 
128.2 10.6 16.1 
125.6 20.2 29.3 
124.0 35.0 46.8 
122.5 49.0 61.5 
120o9 65.3 75.3 
115.8 79.0 85.5 
119.1 90.6 93.8 
At 100 mm. Mercury Absolute Pressure 
149.6 10.6 15.7 
145.8 20.2 28.8 
143.5 35.0 46.0 
141.8 49.0 60.7 
140.2 65.3 74.6 
136.5 79.0 85.0 
135.8 90.6 93.4 
10Stumpe, N.E., J r . , op. c i t . f pp. 61-62 
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TABLE IX (Continued) 
Temperature Mole Percent Methyl Mole Percent Methyl 
°C. Benzoate In Liquid Benzoate in Vapor 
At 200 mm. Mercury Absolute Pressure 
171.1 10.6 15.3 
165.6 20.2 28.4 
165.0 35.0 45.3 
163.0 49.0 59.8 
162.0 65.3 73.9 
159.1 79.0 84.5 
157.0 90.6 93.2 
At 400 mm. Mercury Absolute Pressure 
196.2 10.6 15,0 
191.1 20.2 27.9 
189.8 35.0 44.6 
189.5 49.0 59.0 
188.7 65.3 73,2 
183.8 79.0 84.1 
181.1 90.6 93.0 
At 760 mm. Mercury Absolute Pressure 
223.1 10.6 14.6 
220.5 20.2 27.5 
217.3 35.0 44.0 
216.7 49.0 58.2 
213.8 65.3 72.6 
210.0 79.0 83.7 
208.5 90.6 92.8 
TABLE X 
Equilibrium Data -- Comparison with Raoult»s Law^ 
Mole Percent Mole Percent Methyl Deviation of Raoult's 
Methyl Benzoate Benzoate in Vapor Law Value from Smoothed 
in Liquid by Raoult* s Law Experimental Value 
At 10 mm. Mercury Absolute Pressure 
10.6 18.6 1.6 
20.2 32.8 2.2 
35.0 52.1 3.7 
49.0 66.8 3.3 
65.3 79.0 2.1 
79.0 88.0 1.4 
90.6 96.0 1.7 
At 50 mm. Mercury Absolute Pressure 
10.6 17.2 1.1 
20.2 30.6 1.3 
35.0 49.0 2.2 
49.0 64.0 2.5 
65.3 76.7 1.4 
79.0 86.0 0,5 
90.6 94.8 1.0 
At 100 mm. Mercury Absolute Pressure 
10.6 16.5 













H-Stumpe, N . E . , J r . , op. c i t . , p p . 63-64 
TABLE X (Continued) 
Mole Percent Mole Percent Methyl Deviation of Raoultfs 
Methyl Benzoate Benzoate in Vapor Law Value from Smoothed 
in Liquid by Raoult* s Law Experimental Value 
At 200 mm. Mercury Absolute Pressure 
10.6 16*0 0.7 
20.2 29.0 0.6 
35.0 46.5 1.2 
49.0 62.0 2.2 
65.3 75.0 1.1 
79.0 86.0 1.5 
90.6 95.0 1.8 
At 400 mm. Mercury Absolute Pressure 
10.6 15.5 0.5 
20.2 28.2 0.3 
35.0 45.0 0.4 
49.0 60.8 1,8 
65.3 74.5 1.3 
98.0 85.0 0.9 
90.0 93.8 0.8 
At 760 mm. Mercury Absolute Pressure 
10.6 14.9 0.3 
20.2 27.2 0.3 
35.0 44.1 0.1 
49.0 59.2 1.0 
65.3 73.0 0.4 
79.0 84.2 0.5 
90.0 93.3 0.5 
TABLE XI 
Pressure Drop versus Bo i l -up Rate a t Tota l Reflux 
Pressure Drop 
mm D i - b u t y l 
P h t h a l a t e a t 80 °P 
Boi l -up Rate 
grams/minute 
At 10 mm. Mercury Absolute Pressure 
7 3 . 1 
10 4 . 2 
20 7 . 6 
40 14.7 




22 2 5 . 1 
32 33.5 
At 100 mm. Mercury Absolute Pressure 
5 11.5 
7 . 5 16*8 
13 26.2 
18 32 .5 
TABLE; XI (Continued) 
Pressure Drop 
mm D i - b u t y l 
P h t h a l a t e a t 80 Op 
Boi l -up Rate 
grams/minute 















































1 22.0 0.448 0.580 159 156 
2 12.5 0.440 0.643 158 155 
3 10.5 0.434 0.658 159 156 
4 16.0 0.452 0.666 138 135 
5 12.5 0.435 0.673 138 135 
6 7o0 0.490 0.657 160 156 
7 25.0 0.475 0.645 140 137 
8 12.0 0.500 0.685 183 179 
9 9.5 0.430 0.700 184 180 
10 7,0 0*416 0.685 184 180 
11 5.0 0.435 0.746 182 178 
12 4.0 0.426 0.735 184 178 
13 7.0 0.441 0.696 181 177 
14 10.0 0.416 0.643 183 178 
17 12.5 0.462 0.734 139 135 
18 6.0 0.457 0.740 138 134 
19 15.0 0.451 0.670 142 137 
20 9.0 0.430 0.690 139 135 
21 5.0 0.439 0.744 139 135 
22 27.0 0.458 0.687 122 118 
24 12.5 0.462 0.736 121 117 
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TABLE XII (Continued) 
Pressure 
Run 












































































TABLE X I I ( C o n t i n u e d ) 
Run 
Pressure 











54 8.0 0.375 0.730 122 116 
55 27.0 0.385 0.600 124 117 
56 24.0 0.397 0.608 122 116 
57 10 o0 0.400 0.691 122 116 
58 12.5 0.390 0.685 120 116 
59 16.0 0.405 0.800 88 81 
60 23.5 0.490 0.788 88 80 
61 26.5 0.456 0.740 87 80 
62 14.0 0.415 0.770 88 80 
63 26.5 0.437 0.715 90 82 
64 16 .0 0.430 0.781 86 80 
66 10.0 0.423 0.866 86 78 
67 23.5 0.390 0.726 89 82 
68 30.0 0.396 0.717 88 81 
69 18.5 0.390 0.770 88 81 
70 23.0 0.424 0.688 87 80 
71 16.5 0.430 0.721 88 81 
72 15.0 0.397 0.755 86 79 
73 11.5 0.411 0.785 88 80 
74 15.0 0.409 0.730 86 80 
77 30.0 0.380 0.551 127 118 
78 9.5 0.338 0.695 123 116 
TABLE XII (Continued) 
Run 
P r e s s u r e 
Drop - mm 
D i - b u t y l 
P h t h a l a t e 
E q u i l i b r i u m 
Data (Vapor) 
I n l e t O u t l e t 
- J £ u —12— 
Column 
Tempera tu r e 
I n l e t O u t l e t 
- l i f£ tg°c 
79 1 0 . 5 0 . 3 7 3 0 . 6 3 3 162 1 5 4 
80 1 0 . 5 0 . 4 0 4 0 . 6 0 8 160 154 
8 1 1 0 . 0 0 . 3 8 6 0 . 6 1 6 1 6 3 1 5 5 
6 2 10*0 0 . 3 9 5 0 . 5 9 1 162 156 
84 5 . 5 0 .386 0 . 6 7 8 162 1 5 4 
8 5 5 . 0 0 . 4 0 3 0 . 6 7 5 1 6 1 154 
86 5 . 0 0 . 4 0 5 0 .660 1 6 1 154 
87 1 0 . 0 0 . 4 3 5 0 .660 184 1 7 5 
8 8 1 0 . 0 0 . 4 3 5 0 . 6 2 4 187 177 
89 7 . 5 0 . 4 4 0 0 . 6 4 5 187 177 
90 4 . 0 0 .450 0 .690 184 1 7 4 
9 1 9 . 0 0 . 5 1 8 0 . 7 0 8 2 0 8 199 
92 14 .0 0 . 5 1 6 0 .640 209 2 0 2 
94 2 . 8 0 . 4 8 3 0 . 8 4 2 206 198 
95 11 .0 0 . 4 6 7 0 . 6 4 3 2 1 1 2 0 2 
96 5 . 1 0 . 4 5 8 0 . 7 0 3 • 208 2 0 2 
97 5 . 9 0 . 4 4 7 0 . 6 6 6 2 0 8 200 
98 7 . 5 0 . 4 4 8 0 .676 209 2 0 1 
99 4 . 8 0 . 4 4 8 0 .730 208 2 0 2 
100 1 1 . 5 0 . 4 2 7 0 . 6 0 9 212 2 0 2 
1 0 1 8 . 6 0 .370 0 .606 210 200 
102 6 . 0 0 . 3 6 2 0 . 5 7 0 2 1 3 2 0 5 
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TABLE X I I (Con t inued ) 
Run 
Pressure 











125 9.5 0,595 0.700 89 84 
126 36,0 0.588 0.630 90 84 
127 45.0 0.583 0.618 122 117 
128 35.0 0.588 0.635 122 117 
129 22.0 0.588 0.670 120 114 
130 10*0 0.590 0.693 120 114 
131 13.0 0.457 0.525 210 203 
132 8.0 0.464 0.544 208 201 
133 6.0 0.487 0.571 208 200 
134 4.0 0.500 0.587 207 199 
TABLE XIII 
Experimental Results — Operating Variables 
Pressure 









200 1.00 0.152 2.21 
200 1.00 0.0956 1.38 
200 1.00 0.0820 1.21 
100 1.00 0.0725 2.05 
100 1.00 0.0585 1.66 
200 1.00 0.0585 0.863 
100 1.05 0.100 3.03 
400 1.00 0.147 1.15 
400 1.00 0.120 0.930 
400 1.00 0.0936 0.735 
400 1.00 0.0704 0.558 
400 1.05 0.0557 0.460 
400 1.05 0.0847 0.695 
400 1.05 0.1225 1.00 
100 1.05 0.0558 1.67 
100 1.05 0.0290 0.870 
100 1.10 0.0639 2.00 
100 1.10 0.0404 1.26 
100 1.10 0.0234 0.728 
50 1.00 0.0702 3.80 
50 1.00 0.0350 1.91 
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TABLE X I I I ( C o n t i n u e d ) 
Run 
P r e s s u r e 
mm of Hg 
Vapor -
L i q u i d 
R a t i o - G / L 
R e f l u x R a t e 
L - l b / s e c x f t 2 
Vapor 
V e l o c i t y 
U Q - f t / s e c 
26 50 1.00 0 . 0 6 3 2 3 . 4 4 
28 50 1.10 0 .0320 1.90 
29 10 1.00 0 . 0 3 5 0 8 . 8 0 
30 10 1.00 0 .0187 4 . 7 2 
3 1 10 1.00 0 . 0 1 1 7 2 . 9 4 
3 2 10 1,00 0 . 0 1 8 8 4 . 6 9 
3 3 10 1.05 0 . 0 2 6 7 7 . 0 3 
34 10 1.05 0 . 0 2 2 2 5 . 8 4 
3 5 10 1.05 0 .0156 4 . 0 9 
36 10 1.10 0 . 0 2 3 4 6 .56 
4 2 50 1.00 0 . 0 5 1 5 2 . 7 9 
4 3 10 1.00 0 . 0 2 3 0 5 . 7 5 
44 50 1.00 0 .0880 4 . 7 2 
45 50 1.05 0 . 0 6 6 9 3 . 7 8 
46 50 1.05 0 . 0 1 3 4 0 . 7 7 8 
47 50 1.05 0 . 0 3 3 4 1.90 
48 50 1.10 0 . 0 3 8 3 2 . 2 5 
49 50 1.10 0 . 0 1 7 1 1.03 
50 50 1.20 0 .0486 3 . 1 3 
5 1 50 1*20 0 . 0 3 1 2 2 . 0 0 
52 50 1.20 0 . 0 1 7 5 0 . 9 4 0 
53 100 1.00 0 . 0 5 1 5 1.45 
54 50 1.00 0 . 0 2 5 8 1.40 
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TABLE XI I I (Continued) 
Pressure 




























L - l b / s e c x f t 2 
Vapor 
V e l o c i t y 
























TABLE XIII (Continued) 
Run 
P r e s s u r e 
mm of Hg 
Vapor -
L i q u i d 
R a t i o - G / L 
8 1 200 1.10 
82 200 1.20 
84 200 1,05 
8 5 200 1.10 
86 200 1.20 
87 400 1.00 
8 8 400 1.20 
89 400 1.10 
90 4 0 0 1.10 
9 1 760 1.00 
92 760 1.00 
94 760 1.00 
95 760 1.00 
96 760 1.00 
97 760 1.05 
98 760 1.00 
99 760 1.00 
100 760 1.05 
1 0 1 760 1.10 
102 760 1.20 
1 0 3 7 6 0 1.10 
104 100 1.00 
1 0 5 100 1.00 
Vapor 
e f l u x R a t e 
- l b / s e c x f t 2 
V e l o c i t y 
Ufl.-f t / s e c 
0 .0704 1 .13 
0 . 0 6 4 3 1.14 
0 . 0 4 4 6 0 . 6 9 7 
0 .0404 0 .660 
0 . 0 3 5 0 0 . 6 2 1 
0 . 1 2 9 1.00 
0 . 1 0 7 0 . 9 9 5 
0 . 0 9 3 7 0 . 8 2 0 
0 . 0 533 0 . 4 6 0 
0 . 1 6 8 0 . 7 3 4 
0 . 2 5 8 1 .11 
0 . 0 6 0 8 0 . 2 6 9 
0 . 1 9 9 0 . 8 6 2 
0 . 1 0 2 0 . 4 9 1 
0 . 1 1 1 0 . 5 0 7 
0 . 1 4 5 0 . 6 1 9 
0 . 0 9 8 3 0 . 4 2 9 
0 .200 0 . 9 0 5 
0 . 1 4 9 0 . 7 0 2 
0 . 1 0 2 0 . 6 7 3 
0 .0852 0 . 4 0 4 
0 . 0 8 4 3 2 . 3 8 
0 . 0 3 5 1 1.02 
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TABLE X I I I ( C o n t i n u e d ) 
Run 
P r e s s u r e 
mm of Hg 
Vapor -
L i q u i d 
R a t i o - G / L 
R e f l u x R a t e 
L - l b / s e c x f t 2 
Vapor 
V e l o c i t y 
u p r - f t / s e c 
106 200 1.00 0 . 1 4 1 2 . 0 8 
107 200 1.00 0 . 0 6 5 5 0 . 9 7 3 
108 200 1.00 0 . 0 4 2 1 0 . 6 3 4 
109 200 1.00 0 . 0 7 0 2 1 .05 
110 200 1.00 0 , 1 5 2 2 .30 
1 1 1 200 1.00 0 .0819 1.22 
112 50 1.0C 0 . 0 6 0 8 3 .30 
1 1 3 50 1.00 0 . 0 3 8 6 2 .10 
114 10 1.00 0 . 0 4 2 1 9 . 0 
1 1 5 10 2 .00 0 . 0 2 1 1 10 .0 
116 10 2 .00 0 . 0 0 4 7 2 . 2 8 
1 1 7 10 1.50 0 . 0 2 6 5 9 . 6 1 
118 10 1.50 0 . 0 1 2 5 4 . 5 7 
119 10 1.50 0 . 0 0 6 3 2 . 2 8 
120 10 1.00 0 .0246 6 . 1 9 
1 2 1 10 1.50 0 . 0 0 7 8 2 . 8 9 
122 760 2 .00 0 .0820 0 . 6 8 0 
123 760 1.50 0 . 0 5 2 5 0 . 4 3 8 
124 760 1.50 0 . 0 8 5 8 0 . 5 3 7 
1 2 5 10 2 . 0 0 0 . 0 0 4 7 2 . 3 3 
126 10 2 .00 0 . 0 1 5 2 7 .50 
1 2 7 50 2 . 0 0 0 . 0 5 2 5 5 . 6 1 
128 50 2 .00 0 . 0 4 4 5 4 , 8 0 
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TABLE X I I I (Continued) 
Run 
Pressu re 





L - l b / s e c x f t ^ 
Vapor 
Veloc i ty 
UpT-ft/sec 
129 50 2.00 0.0293 3.15 
130 50 2.00 0.0152 1.64 
131 760 2.00 0.117 0.985 
132 760 2.00 0.0760 0.646 
133 760 2.00 0.0585 0.448 
134 760 2.00 0.0410 0.347 
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TABLE XIV 
Special Correlations and (HTU)QQ. 
Run 
P r o d u c t : R e f l u x 
R a t e and 
Vapor V e l o c i t y ; 
L x \ i p T 
P r o d u c t : C o r r e -
l a t i o n Factor""" 
and (L x u^) 
H e i g h t of Trans 
f e r U n i t 
( H T U ) O G - f t 
1 0 . 3 3 6 0 .336 1.82 
2 0 .129 0 .129 1.20 
3 0 . 0 9 9 2 0 . 0 9 9 2 1.15 
4 0 . 1 4 9 0 . 1 4 9 1.23 
5 0 . 0 9 7 2 0 . 0 9 7 2 1.12 
6 0 . 0 5 0 3 0 . 0 5 0 3 0 . 8 6 
7 0 . 3 0 3 0 . 3 5 1 1.55 
8 0 . 1 6 9 0 . 1 6 9 1.18 
9 0 . 1 1 2 0 . 1 1 2 1.24 
10 0 . 0 6 8 8 0 . 0 6 9 0 . 8 5 
1 1 0 . 0 3 9 3 0 .039 0 . 6 7 
12 0 .0256 0 . 0 2 9 0 . 6 5 
13 0 .0589 0 . 0 6 6 0 . 8 5 
14 0 . 1 2 3 0 . 1 3 8 0 . 9 7 
17 0 . 0 9 3 2 0 . 1 0 8 0 . 8 5 
18 0 . 0 2 5 2 0 . 0 2 9 2 0 . 8 3 
19 0 . 1 2 8 0 . 1 7 1 1.09 
20 0 . 0 5 0 9 0 . 0 6 8 0 . 9 3 
2 1 0 .0170 0 . 0 2 3 0 . 7 1 
22 0 . 2 6 7 0 . 2 6 7 1.35 
"*See Page 54 for definition. 
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TABLE XIV ( C o n t i n u e d ) 
Run 
P r o d u c t : Re f lux 
Ra te and 
Vapor V e l o c i t y ; 
L x up, 
P r o d u c t : C o r r e -
l a t i o n F a c t o r 
and (L x UQ) 
0 . 0 6 6 9 
H e i g h t of 
T r a n s f e r U n i t 
(HTU) n a - f t 
24 0*0669 1.07 
26 0 . 2 1 8 0 . 2 1 8 1.25 
28 0 . 0 6 0 8 0 .0857 0 . 9 7 
29 0 . 3 0 8 0 . 3 0 8 1 .41 
30 0 . 0 8 8 4 0 .0884 0 . 9 4 
3 1 0 . 0 3 4 4 0 .0344 0 . 6 9 
3 2 0 . 0 8 8 1 0 . 0 8 8 1 0 . 8 4 
3 3 0 . 1 8 8 0 . 2 4 6 1.15 
34 0 . 1 3 0 0 . 1 7 0 1.04 
3 5 0 . 0 6 3 8 0 . 0 8 3 5 0 . 9 0 
36 0 . 1 5 4 0 . 2 6 0 1.18 
4 2 0 . 1 4 4 0 . 1 4 4 1 .15 
4 3 0 . 1 3 2 0 . 1 3 2 1.00 
44 0 . 4 1 5 0 . 4 1 5 1.74 
4 5 0 . 2 5 3 0 .300 1.63 
46 0 . 0 1 0 4 0 . 0 1 2 4 0 . 5 6 
4 7 0 . 0 6 3 5 0 . 0 7 5 5 1.07 
4 8 0 . 0 8 6 2 0 . 1 2 1 1.18 
49 0 . 0 1 7 6 0 . 0 2 4 8 0 o 7 3 
50 0 . 1 5 2 0 . 2 9 4 1.22 
5 1 0 . 0 6 2 4 0 . 1 2 0 1.14 
52 0 . 0 1 6 4 0 . 0 3 1 7 0 . 7 2 
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TABLE XIV ( C o n t i n u e d ) 
Run 
P r o d u c t : R e f l u x 
Ra te and 
Vapor V e l o c i t y ; 
L x Up 
P r o d u c t : C o r r e -
l a t i o n F a c t o r 
and (L x uG ) 
0 . 0 7 4 7 
H e i g h t of 
T r a n s f e r U n i t 
(HTU)OPr - f t 
53 0 . 0 7 4 7 1 .01 
54 0 . 0 3 6 2 0 . 0 3 6 2 0 . 6 7 
55 0 .240 0 . 3 3 9 1 .32 
56 0 . 2 0 2 0 . 2 4 1 1.37 
57 0 .0476 0 . 0 5 6 8 0 . 9 5 
58 0 . 0 7 5 8 0 .0758 0 . 8 5 
59 0 . 0 5 8 8 0 . 0 5 8 8 0 . 7 4 
60 0 . 1 1 1 0 . 1 1 1 0 . 9 9 
6 1 0 .130 0 . 1 7 0 1.03 
62 0 .0639 0 . 0 8 3 5 0 . 8 0 
63 0 . 1 2 4 0 .210 1.05 
64 0 . 0 4 5 1 0 . 0 7 6 2 0 . 7 4 
66 0 . 0 2 3 3 0 . 0 2 3 3 0 . 4 8 
67 0 . 1 1 0 
t 
0 .110 0 . 9 6 
68 0 . 1 6 5 0 . 1 6 5 1 .01 
69 0 . 0 7 4 5 0 . 0 7 4 5 0 . 8 1 
70 0 . 0 6 1 7 0 . 1 6 7 1 .01 
7 1 0 . 0 4 6 1 0 . 1 2 4 0 . 8 6 
7 2 0 .0409 0 . 0 6 9 0 . 7 6 
7 3 0 . 0 3 1 0 0 .0406 0 . 6 3 
74 0 . 0 3 9 3 0 .106 0 . 7 6 
77 0 . 3 1 8 0 . 3 8 1 1.80 
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TABLE XIV (Continued) 
P roduc t : Reflux 
Rate and 
or V e l o c i t y ; 
L x Up, 
P r o d u c t : C o r r e -
l a t i o n F a c t o r 
and (L x u-,) 
0 .0436 
H e i g h t of 
T r a n s f e r U n i t 
(HTU)0PT - ft 
0 . 8 1 0 . 0 4 3 6 
0 .100 0 .100 1.00 
0 . 0 9 3 5 0 .107 1.23 
0 . 0 7 9 5 0 . 1 0 2 1.04 
0 . 0 7 3 3 0 . 1 1 8 1.14 
0 .0310 0 . 0 3 5 5 0 . 8 1 
0 . 0 2 6 6 0 . 0 3 4 1 0 . 8 4 
0 . 0 2 1 7 0 .0350 0 . 7 9 
0 . 1 2 9 0 . 1 2 9 1.02 
0 .106 0 . 1 6 1 1.03 
0 . 0 7 6 8 0 . 0 9 5 1.03 
0 . 0 2 4 5 ' 0 . 0 3 0 4 0 . 8 2 
0 . 1 2 3 0 . 1 2 3 1.00 
0 . 2 8 6 0 . 2 8 6 1.67 
0 . 0 1 6 4 0 . 0 1 6 4 0 . 4 5 
0 . 1 7 2 0 . 1 7 2 1 .21 
0 . 5 0 1 0 . 5 0 1 0 . 7 7 
0 . 0 5 6 4 0 .0620 0 . 9 1 
0 .0886 0 .0886 0 . 9 3 
0 .0420 0 . 0 4 2 0 0 . 6 9 
0 . 1 8 1 0 . 1 9 9 1.10 
0 . 1 0 5 0 . 1 2 7 0 . 8 3 
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TABLE XIV (Continued) 
P roduc t : Reflux 
Run 
Ra te and 
Vapor V e l o c i t y ; 
L x Uf> 
P r o d u c t : C o r r e -
l a t i o n F a c t o r 
and (L x u^) 
0 .0960 
He igh t of 
T r a n s f e r Uni t 
(HTU)nr, - f t 
102 0 . 0 6 6 7 0 . 8 8 
103 0 . 0 3 4 5 0 . 0 4 1 7 0 . 7 0 
1 0 4 0 . 2 0 0 0 . 2 0 0 1.37 
1 0 5 0 . 0 3 5 8 0 . 3 5 8 0 . 6 5 
106 0 . 2 9 4 0 . 2 9 4 1.17 
1 0 7 0 . 0 6 3 8 0 . 0 6 3 8 0 . 9 3 
108 0 . 0 2 6 7 0 . 0 2 6 7 0 . 6 3 
1 0 9 0 . 0 7 3 0 . 0 7 3 0 . 8 4 
110 0 . 3 5 0 0 .350 1.37 
H I 0 . 0 9 9 6 0 .100 0 . 9 6 
112 0 .200 0 .200 "MO 
1 1 3 0 . 0 8 1 0 . 0 8 1 0 . 9 1 
114 0 . 3 8 0 0 . 3 8 0 1.50 
1 1 5 0 . 2 1 1 9 . 5 9 . 2 
116 0 . 0 1 0 7 4*82 1.58 
117 0 . 2 5 5 2 . 3 7 3 .16 
118 0 . 0 5 7 0 . 5 3 1.53 
1 1 9 0 . 0 1 4 4 0 . 1 3 4 1.03 
120 0 . 1 5 2 0 . 1 5 2 1.13 
1 2 1 0 . 0 2 2 5 0 . 2 0 8 1.12 
122 0 . 0 5 5 8 0 . 2 2 3 1.25 
1 2 3 0 .0230 0 . 0 5 1 7 0 . 7 0 
TABLE XIV (Continued) 
Product: Reflux 
Rate and Produc t : Cor r e - Heigh, t of 
Vapor V e l o c i t y ; l a t i o n f a c t o r T rans fe r Unit 
Run L x u P j and (L x ua) (HTU)0G - f t 
124 0.0461 0.104 1.10 
125 0.0109 0.470 1.97 
126 0.114 5.10 5.9 
127 0.366 4.43 6.8 
128 0.214 2.58 4,6 
129 0.0923 1.12 2.1 
130 0.0249 0.289 1.29 
131 0.115 0.460 1.88 
132 0.0490 0.196 1.21 
133 0.0262 0 .105 1.00 
134 0.0142 0.056 0.78 
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TABLE XV 
Experimental Results - Total Reflux Runs: Product of Vapor 
Velocity and Square Root of Pressure (Measured in Atmospheres) 
Run 2b Run *G 
1 1.13 68 0 . 7 3 6 
2 0 . 7 0 8 69 0 .510 
3 0 . 6 2 0 77 1.06 
4 0 . 7 4 5 7 8 0 . 3 9 8 
5 0 . 6 0 4 79 0 . 6 2 6 
6 0 . 4 4 1 8 7 0 . 7 2 5 
8 0 . 8 3 4 9 1 0 . 7 3 4 
9 0 . 6 7 5 9 2 1 .11 
10 0 . 5 3 4 94 0 . 2 6 9 
1 1 0 . 4 0 5 95 0 . 8 6 2 
29 1.01 96 0 . 4 9 1 
30 0 . 5 4 2 98 0 . 6 1 9 
3 1 0 . 3 3 7 99 0 . 4 2 9 
3 2 0 . 5 3 9 1 0 4 0 .866 
42 0 . 7 4 4 1 0 5 0 . 3 7 2 
4 3 0 . 6 6 1 106 1.08 
44 1 .21 107 0 . 5 0 0 
53 0 . 5 2 7 108 0 . 3 2 5 
54 0 . 3 6 0 109 0 . 5 3 9 
58 0 . 5 1 9 110 1.18 
59 0 . 4 5 0 1 1 1 0 . 6 2 6 
60 0 . 6 0 6 112 0 . 8 4 7 
66 0 . 2 8 6 1 1 3 0 . 5 4 0 
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